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ABSTRACT

Renewable resource polymers have become an increasingly popular alternative to
conventional fossil fuel based polymers over the past couple decades. The push by the
JRYHUQPHQWDVZHOODVERWKLQGXVWULDODQGFRQVXPHUPDUNHWVWRJR³JUHHQ´KDVSURYLGHG
the drive for companies to research and develop new materials that are more
environmentally friendly and which are derived from renewable materials. Two polymers
that are currently being produced commercially are polylactic acid (PLA) and
polyhydroxyalkanoate (PHA) copolymers, both of which can be derived from renewable
feedstocks and have shown to exhibit similar properties to conventional materials such as
polypropylene, polyethylene, polystyrene, and PET. PLA and PHA are being used in
many applications including food packaging, disposable cups, grocery bags, and
biomedical applications.
In this work, we report on the rheological properties of blends of PLA and PHA
copolymers. The specific materials used in the study include Natureworks ® 7000D grade
PLA and PHA copolymers of poly(3-hydroxybutyrate-co-3-hydroxyvalerate). Blends
ranging from 10 to 50 percent PHA by weight are also examined. Shear and extensional
experiments are performed to characterize the flow behavior of the materials in different
flow fields. Transient experiments are performed to study the shear rheology over time in
order to determine how the viscoelastic properties change under typical processing
conditions and understand the thermal degradation behavior of the materials. For the
blends, it is determined that increasing the PHA concentration in the blend results in a
decrease in viscosity and increase in degradation. Models are fit to the viscosity of the

ii

blends using the pure material viscosities in order to be able to predict the behavior at a
given blend composition.
We also investigate the processability of these materials into films and examine
the resultant properties of the cast films. The mechanical and thermal properties of the
films are studied as a function of the blend composition. With increasing PHA content in
the blends, the films show increases in the crystallinity and the percent elongation versus
the pure materials, but decreases in both the modulus and the tensile strength. The 10%
PHA blend is found to be the optimum concentration since the toughness is significantly
improved without sacrificing the strength of the material. A post-processing uniaxial
orientation step is also studied, and an improvement in the mechanical properties and
crystallinity of the films is discovered with the largest effects observed by varying the
stretch ratio. Increasing the stretch ratio resulted in an improvement in percent elongation
and greater modulus, strength, and crystallinity versus the unstretched samples.
Therefore, by varying the blend composition and film processing parameters, we are able
to systematically manipulate the properties of the final product and ultimately tailor the
materials for specific applications depending on the desired properties.
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CHAPTER 1
INTRODUCTION

The development of polymeric materials from renewable resources has
accelerated in recent years due to ongoing concerns about the disposal of conventional
plastics and the increasing costs associated with fossil fuel-based products. Several
review articles (Chandra and Rustgi, 1998; Braunegg et al., 1998; Misra et al., 2006;
Philip et al., 2007) in particular have focused on bio-based polymers. In this research,
bio-based polymers are defined as polymers that are produced from renewable raw
materials (Scholz and Khemani, 2006; Narayan, 2006; Wolf, 2005). These materials are
attractive in part due to the renewable nature of the source material, the biocompatibility
of the polymers, and the potential to degrade under certain conditions (Misra et al., 2006;
Philip et al., 2007). However, one of the main drawbacks to these materials is their
potential thermal degradation at typical processing conditions (Daly et al., 2005; Galego
and Rozsa, 1999; Kunioka and Doi, 1990; Satkowski et al., 2001). Upon degradation, the
polymers release greenhouse gases such as carbon dioxide and methane (Narayan and
Patel, 2003). As with other polymers, they require energy (typically obtained from fossil
fuels) in the production processes (Vink et al., 2003; Narayan and Patel, 2003).
Two bio-based polymers of commercial interest are polylactic acid (PLA) and the
polyhydroxyalkanoate (PHA) family of polymers. PLA and PHAs can be used in
numerous applications, including food packaging, disposable cups, grocery bags,
coatings, films, foams, and molded articles of all sorts, as well as biomedical
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applications. Historically, most of these products have been made from fossil fuel-based
polymers such as polyethylene, polypropylene, polystyrene, polyethylene terephthalate,
and polyamides. These materials are mass-produced, inexpensive, and have been shown
to exhibit superior properties to biodegradable polymers in many cases. However, these
fossil fuel-based materials are not environmentally friendly due to their slow degradation
rates under typical disposal conditions and the subsequent solid waste problems
(Andrady, 2000; Klemchuk, 2000; Shah et al., 2008).
Recent developments by such companies as Natureworks and Metabolix have
enabled PLA and PHA to be produced more economically. According to the websites of
these companies, the costs of their resins are approximately $1/lb depending on the
specific resin grade, volume, etc. (www.natureworksllc.com, March 13, 2009;
www.metabolix.com, March 13, 2009). Also, experimental results provide evidence that
PLA and PHA exhibit material properties similar to conventional polymers (Tsuji, 2001;
*UXEHUDQG2¶%ULHQ'RUJDQHWDO 
Biodegradable polymers have become an increasingly popular alternative to
conventional plastics and could ultimately take a large market share ± according to one
study more than 10 billion pounds per year of the approximately 65 billion pounds of
plastic materials that are SURGXFHGLQ WKH86 HDFK \HDU $VUDUDQG'¶+DHQH . Of
these 65 billion pounds, approximately 15 billion pounds are used for single-use
products, which are the primary target applications for bio-based materials (Bigg et al.,
2001).

2

1.1 Polylactic Acid (PLA)
This section explains the synthesis, history and commercialization, and some of
the general material properties of polylactic acid (PLA).

1.1.1 Synthesis
In this section the synthesis procedure for PLA is described. PLA is derived from
starch products such as corn, sugars, molasses, rice, potato, and wheat. The production of
PLA begins by extracting starch from biomass. This is typically carried out by wet
milling corn (Wolf, 2005). In this process, the corn is cooked for 30-40 hours at 122°F to
cause it to swell and soften (www.natureworksllc.com, March 13, 2008). Machines then
grind the corn to extract the starch, which is converted into corn sugar or dextrose via
enzymatic hydrolysis (Vink et al., 2004). The starch is fermented by anaerobic
fermentation using microorganisms such as bacteria (www.natureworksllc.com, March
13, 2009). Most fermentation processes for producing lactic acid use species of
Lactobacilli bacteria because they produce high yields of lactic acid ± greater than 90
percent conversion from dextrose to lactic acid (Mehta et al., 2005; Datta et al., 1995).
The resulting fermented broth is filtered and distilled to purify the lactic acid (Vink et al.,
2004). The lactic acid molecules can form cyclic dimer rings called lactide, and it is this
that is used as the monomer in the production of PLA through a ring-opening
SRO\PHUL]DWLRQUHDFWLRQE\1DWXUHZRUNV *UXEHUDQG2¶%ULHQ )LJXUHVKRZV
the general structure for PLA.
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Figure 1.1 General structure for polylactic acid (PLA)

The synthesis of PLA can be accomplished by one of two methods, either through
a condensation polymerization reaction with lactic acid monomers producing polylactic
acid or through a ring-opening method with lactide as the base structure producing
SRO\ODFWLGH *UXEHU DQG 2¶%ULHQ   7KH PHFKDQLVP IRU WKH V\QWKHVLV RI 3/$ E\
these methods is shown in Figure 1.2.

Figure 1.2 Mechanism for synthesis of PLA (Wolf, 2005; Drumright and Gruber, 2000)
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In the condensation polymerization, the chain grows from end-to-end reactions between
oligomers and produce water as a by-product (Seppala et al., 2001). These reactions are
LQ HTXLOLEULXPDQGLQ DFFRUGDQFH ZLWK /H&KDWHOLHU¶VSULQFLSOHWKHSRO\PHUL]DWLRQFDQ
be driven to obtain higher yields and greater molecular weight polymers by removing the
ZDWHU 6HSSDOD HW DO   /H &KDWHOLHU¶V SULQFLSOH VWDWHV WKDW ZKHQ D V\VWHP DW
equilibrium is disturbed, the equilibrium will shift to oppose the imposed change (Silbey
and Alberty, 2001). The ring-opening method is more common for producing PLA and
gives more control of the stereochemistry of the resultant polymer by using special
catalysts including organometallic catalysts like tin (II) bis-2-ethylhexanoic acid (tin
RFWRDWH  *UXEHU DQG2¶%ULHQ 7Ln octoate has been successful in part due to its
acceptance by the US Food and Drug Administration as a non-toxic food additive and
also its ability to achieve a high conversion (Jerome and Lecomte, 2005). Conversions of
greater than 90% can be obtained while producing a high molecular weight polymer with
less than 1% racemization (Drumright et al., 2000). The polymerization occurs via a
coordination-insertion chain growth mechanism where two lactic acid molecules are
added to the growing polymer chain with each lactide ring that opens (Drumright, et al.,
2000).
The stereochemistry of PLA can be manipulated as a result of the chirality of the
lactic acid monomer. Lactic acid can exist in one of two isomeric forms: L- or D-, that
differ in the positioning of the carboxyl group. The fermentation derived lactic acid
consists of at least 95% of the L isomer (Jerome and Lecomte, 2005) and can contain as
much as 99.5% of the L isomer (Vink et al., 2004). The cyclic lactide dimer can result in
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three different forms depending on which lactic acid molecules come together to form the
dimer: L,L-lactide (L-lactide), D,D-lactide (D-lactide), and L,D or D,L-lactide (meso
lactide) (Vink et al., 2004). Depending on the ratio of these structures within the polymer,
the crystalline nature and properties of the polymer can vary dramatically (Dorgan et al.,
2001). For example, the pure poly(L-lactic acid) or poly(D-lactic acid) are semicrystalline but poly(D,L-lactic acid) is amorphous (Wolf, 2005). In a PLA copolymer
with a mixture of L- and D-lactic acid, if the D-lactic acid content is greater than 15%,
Gruber et al. (2000) observed that the polymer no longer crystallizes and is purely
amorphous.
The process used by Natureworks to produce high molecular weight PLA from
lactic acid is as follows. The first step involves a condensation reaction where water is
removed to produce low molecular weight oligomers with Mn of approximately 5000
Daltons (Vink et al., 2004). These oligomers are then catalytically depolymerized to form
lactide, which goes through a lactide purification step to separate the L-, D-, and meso
lactide isomers (Vink et al., 2004). The lactide is polymerized using a ring-opening
mechanism in the melt phase to eliminate the use of solvents (Vink et al., 2004). Typical
conditions for this process include a temperature of 180-210°C, catalyst concentration of
100-1000 ppm, and a 2-5 hour reaction time to reach 90-95% conversion (Drumright, et
al., 2000).
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1.1.2 Commercial Manufacturing
In this section the history of the industrial commercialization of PLA is presented.
PLA was first synthesized in 1932 by Wallace Carothers at Dupont, but the molecular
weight and properties were poor compared to other polymers in use at the time (Carothers
et al., 1932). Later work by Dupont, in the 1960s, focused on using PLA for biomedical
applications such as medical grade sutures, implants, and controlled drug release devices
due to the biocompatibility of the material and its bioabsorption and resorption
characteristics (Oksman and Selin, 2004; Wolf, 2005). In the 1980s and 1990s efforts
were made to produce PLA on a large-scale as a commodity plastic by such companies as
Dupont, Cargill, and Coors Brewing (Oksman and Selin, 2004; Sodergard and Stolt,
2003). In particular, Cargill developed a continuous process to produce lactide using
reactive distillation and began producing PLA at a capacity of 6,000 tonnes/year. In 1997
Cargill and Dow Chemical initiated a collaboration in the development of a commercialscale production facility for PLA. In 2005, Dow opted out of the enterprise and currently
the company, renamed Natureworks (www.natureworksllc.com, March 13, 2009), is a
joint partnership between Cargill and the Japanese company Teijin Limited

The

manufacturing facility in Blair, NE has a production capacity of 140,000 tonnes of PLA
per year. The resin is sold at a similar price ($1.00/lb) to that of conventional polymers
such as polypropylene ($0.68-1.07/lb), polyethylene ($0.63-0.99/lb), PET ($0.95/lb), and
polystyrene ($0.93-1.12) (ICIS chemical price reports, www.icis.com, March 13, 2009).
Natureworks primarily focuses on the production of the polymer resin, and produces
many different grades of resin depending on the processing method and application for
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which it is intended. The differences between these resins include the D-isomer content,
molecular weight, molecular weight distribution, and degree of branching in the structure
(Drumright et al., 2000). Current grades are designed for the following applications:
extrusion, injection molding, fiber spinning, injection stretch blow molded bottles, and
biaxially oriented films. The use of PLA in these applications is not solely based on its
derivation from renewable resources and its biodegradability but is also a result of its
similarity both in cost and properties to conventional polymers (Drumright et al., 2000).
Some specific applications include: dissolvable sutures, drug delivery matrices, and bone
fracture fixation implants; diapers and feminine hygiene products; thermoformed cups,
clamshell containers, plates, and plastic utensils for the food industry; bottles for water;
packaging trays for meats and fresh fruits and vegetables; bags for food-in-box groceries
like cake mixes and cereal; candy wrappers; envelope windows; packaging for non-food
items such as electronics, toys, CDs, DVDs, and batteries; and fibers for sheets, blankets,
pillows, towels, and clothing apparel (Mehta et al., 2005; Vink et al., 2004).

1.1.3 Material Properties
In this section, some of the important material properties obtained from the
current literature for PLA are presented along with those for conventional polymers to
provide a comparison between them. PLA has mechanical properties similar to
polyethylene, polypropylene, polyethylene terephthalate (PET), and polystyrene (Tsuji,
*UXEHUDQG2¶%ULHQ'RUJDQHWDO 7KHGHQVLW\RI3/$ JFP3)
is lower than that of PET (1.34 g/cm3), but higher than other conventional polymers
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which are generally in the range of 0.8-1.1 g/cm3 (Wolf, 2005). The hardness, stiffness,
impact strength, and elasticity are similar to PET and polystyrene. The tensile strength of
PLA is 45-60 MPa compared to 30-40 for polypropylene, 30-60 for polystyrene, and 4070 for PET (Bhattacharya et al., 2005). However, PLA typically suffers from being a
brittle material with an elongation-to-break of less than 15% under ambient conditions.
This is due to its relatively high glass transition temperature (around 60°C) (Drumright et
al., 2000). The elongation-to-break for PLA ranges between 4-15% which is comparable
to the 3-5% elongation observed for polystyrene (Bhattacharya et al., 2005). Biaxially
oriented PLA film can hold a crease or fold and retain a twist which are properties
typically lacking in plastic films (Wolf, 2005). Biaxially oriented PLA has similar tensile
strength (110 MPa) to biaxially oriented cellophane (90 MPa); modulus (3.0 GPa) to
polypropylene (2.5 GPa), PET (3.8), and cellophane (4.0 MPa); elongation-to-break
(160%) to polypropylene (110%), PET (140%), and nylon (125%); and Elmendorf tear
strength (5.79 N/mm) to PET (6.94 N/mm) and nylon (5.02 N/mm) (Drumright et al.,
2000; Mehta et al., 2005). PLA displays good odor and flavor barriers and high oil
resistance, making it useful in packaging greasy liquids (Wolf, 2005). PLA is transparent
with high gloss (60-110%) as compared to PET (105-200%) and polypropylene (75-90%)
± where the values represent the amount of reflected light from the surface (Gruber and
2¶%ULHQZZZPDWZHEFRP0DUFK, 2009). Biaxially oriented PLA has a haze
of about 2% compared to 1-4% for polypropylene, 2-5% for PET, 2-3% for nylon, and 12% for cellophane (Mehta et al., 2005). PLA has a low Vicat softening point, which
makes it unsuitable for storing products for long periods of time and for use in
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automobiles (Wolf, 2005). PLA also makes a poor barrier to oxygen, carbon dioxide and
water vapor, making it unsuitable for long-term packaging of carbonated beverages and
many other liquids (Wolf, 2005). The O2 and CO2 permeability is 0.26 Barrer and 1.10
Barrer compared to 0.04 and 0.2 Barrer for PET and 2.6 and 10.5 Barrer for polystyrene
(Dorgan et al., 2006). The moisture vapor transmission rate (MVTR) for PLA (21 gmil/100in2/day) is high compared to PET (1.0), polypropylene (0.7), and polystyrene
(7.2) but is comparable to nylon-6 (23) (Mehta et al., 2005). The aromatic ring in the
structure of the PET results in a lower permeability due to the reduced free volume and
chain mobility and produces a superior barrier to PLA (Dorgan et al., 2001).

1.2 Polyhydroxyalkanoates (PHAs)
This section explains the synthesis, history of commercialization, and some of the
general material properties of polyhydroxyalkanoate (PHA) copolymers.

1.2.1 Synthesis
In

this

section

the

synthesis

procedure

for

PHA

is

described.

Polyhydroxyalkanoates (PHAs) are obtained through a fermentation process using
bacteria, which generate the material as an energy reserve within the cells and can be
extracted by solvent or non-solvent extraction techniques (Braunegg et al., 1998). The
polymers produced are typically copolymers. Figure 1.3 shows the basic structure for
PHA copolymers, in which (a) is the poly(3-hydroxybutyrate) (3HB), and (b) is the
general structure for this family of polymers. The comonomers differ in the number of
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PHWK\OHQHJURXSVLQWKHEDFNERQH ³\´LQ)LJXUHE DQGWKHOHQJWKRIWKHVLGHFKDLQLQ
WKHVWUXFWXUH ³[´LQ)LJXUHE 

(a)
(b)
Figure 1.3 Structure for 3-hydroxybutyrate (a) and general structure for
polyhydroxyalkanoate (PHA) polymers (b), where x represents the variation in the length
of the side chain and y represents the variation in the length of the backbone

For most of the commercially-relevant polymers, the value of y in Figure 1.3 (b) is 1 and
the value of x can vary from 0 to 15 (Wolf, 2005; de Rijk et al., 2001). Some of the most
common comonomers include: 3-hydroxybutyrate (3HB, x=0, y=1), 3-hydroxyvalerate
(3HV, x=1, y=1), 3-hydroxyhexanoate (3HH, x=2, y=1), and 4-hydroxybutyrate (4HB,
x=0, y=2) (Misra et al., 2006; Wolf, 2005; Philip et al., 2007; Braunegg et al., 1998). By
varying the copolymer composition, it is possible to systematically manipulate the
properties of the final product.
The synthesis of PHAs uses a fermentation process to produce the final polymer.
However, unlike the two-step procedure for PLA, whereby the monomer is produced via
fermentation followed by the polymerization stage, the method for PHA involves only a
single step in which the polymer is produced via fermentation of a carbon source such as
oils and sugars within bacteria cells such as Ralstonia eutropha and Escherichia coli
(Wolf, 2005). The PHA accumulates as granules within the cytoplasm of the microbial
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cells and serves as an energy storage material for the microorganism, similar to how
animals store energy as fat in their bodies (Steinbuchel and Valentin, 1995).
The production of PHA involves three fundamental steps: fermentation, isolation,
and purification. First, the fermentation vessel is filled with the solution medium and
microorganisms. Then, the carbon source ± whether it be sugars like glucose and sucrose
or oils like lipids and saccharides or mild alcohols and acids like methanol, ethanol, and
acetic acid ± is fed at a steady rate until it is consumed, and the accumulation of PHA
within the bacteria ceases (Asrar and Gruys, 2001; Wolf, 2005). The fermenting step
requires between 30 to 48 hours (Wolf, 2005). The cells are isolated through a drying
process, and the PHA is usually extracted by a solvent extraction method using acetone
or alcohols (Wolf, 2005). Other extraction techniques have also been used which do not
require chemical solvents in which a mild heat treatment results in cell lysis, or splitting,
at around 40°C (Holmes and Lin, 1984; Braunegg et al., 1998; Pouton and Akhtar, 1996).
Finally, the PHA is washed with solvent to purify it and then typically packaged in
powder form (Wolf, 2005).
Poly(3-hydroxybutyrate) (3HB) is the typical backbone of PHA copolymers
(Chandra and Rustgi, 1998; Braunegg et al., 1998; Philip et al., 2007; Lemoigne, 1926;
Steinbuchel and Valentin, 1995; Noda et al., 2005). More than 90 different comonomers
have been identified in naturally occurring PHAs (Steinbuchel and Valentin, 1995). The
type of bacteria and carbon source employed determine the structure of the copolymer
SURGXFHG %UDXQHJJ HW DO  +ROPHV  '¶+DHQH HW DO   7KH ILUVW 3+$
was isolated in 1926 when Maurice Lemoigne discovered that anaerobic degradation of
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Bacillus megaterium led to the excretion of poly-3-hydroxybutyrate (Lemoigne, 1926).
More commonly, Ralstonia eutrophia (R. eutropha) is used for synthesizing poly(3hydroxybutyrate) and 3-hydroxybutyrate copolymers (Holmes, 1985; Philip et al., 2007;
Wolf, 2005; Braunegg et al., 1998). For example, R. eutropha with glucose as the food
source leads to the production of poly-3-hydroxybutyrate (Holmes, 1985). Using glucose
and propionate as the carbon feed source with R. eutropha, poly(3-hydroxybutyrate-co-3hydroxyvalerate) is obtained where the concentration of the 3-hydroxyvalerate can be
adjusted by varying the ratio of glucose to propionate in the feedstock (Holmes, 1985). R.
eutropha with either butyrolactone and butyric acid or 4-hydroxybutyrate and 4chlorobutyric

acid

will

produce

poly(3-hydroxybutyrate-co-4-hydroxybutyrate)

copolymers (Doi et al., 1988). Genetically engineered Escherichia coli (E. coli) using oils
such as lipids and saccharides as the food source produce different compositions of
Nodax copolymers (Wolf, 2005).

1.2.2 Commercial Production
In this section the history of the industrial commercialization of PHA copolymers
is presented. Although the discovery of PHA is credited to Lemoigne (1926), it was not
until the 1970s that this polymer was even considered as a viable alternative to
conventional plastics, and then it was put on hold until the late-1980s and 1990s when
companies such as Procter and Gamble and Monsanto actively pursued PHAs for
commodity applications (Asrar and Gruys, 2001; Braunegg et al., 1998; Philip et al.,
  ,Q WKH ¶V SRO\ -hydroxybutyrate) (3HB) and copolymers with poly(3-
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hydroxyvalerate) (3HV) were produced in a pilot plant stage under the trade name
Biopol® by Zeneca Bio Products (formerly ICI). However, interest faded when the cost of
the material was determined to be too high compared to conventional polymers, and the
thermal/mechanical properties could not match those of polypropylene or other wellknown polymers (Philip et al., 2007). In 1996, Monsanto bought the Biopol® business
and continued research into the commercial production of PHA, both via fermentation
methods and using genetically-modified crops such as switchgrass (Wolf, 2005).
However, in 1998, Monsanto stopped PHA production and subsequently sold all rights to
Metabolix (www.metabolix.com, March 13, 2009) in 2001. Through a joint venture with
Archer Daniels Midland (ADM), the first commercial production plant ± capable of
producing 50,000 tonnes per year ± LVEHLQJFRQVWUXFWHGDGMDFHQWWR$'0¶VZHWFRUQPLOO
in Clinton, IA and will be in full operation by end-2009 (www.metabolix.com, March 13,
2009).
Procter and Gamble engaged in a major research program on biodegradable
polymers from 1994 to 2007. In that time, they developed a series of PHA copolymers
with poly(3-hydroxybutyrate) (3HB) and small concentrations of medium chain length
(mcl) comonomers with side groups of at least three carbons, marketed under the
tradename Nodax (Noda et al., 2005). Within the Nodax family of polymers, the mcl
comonomers used include 3-hydroxyhexanoate (x=2, y=1 in Figure 1.3 b), 3hydroxyoctanoate (x=4, y=1 in Figure 1.3 b), and 3-hydroxydecanoate (x=6, y=1 in
Figure 1.3 b) (Noda et al., 2005). The various grades of Nodax are grouped based on the
molecular weight, the mcl comonomer(s) in the copolymer, and the content of the mcl
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comonomer(s) present (Noda et al., 2005). Low comonomer content (0-5% mcl
comonomer) and low molecular weight PHAs (400-500 kDa) are suitable for injection
molding and melt blowing, while medium comonomer content (5-10% mcl comonomer)
and medium molecular weight PHAs (500-700 kDa) are suitable for fiber spinning and
cast film applications, and high comonomer content (10-15% mcl comonomer) and high
molecular weight PHAs (>700 kDa) are appropriate for blown films and blow molding
(Wolf, 2005). Procter and Gamble never followed through with full commercialization of
the process, and in 2007 sold the rights for the technology to a small specialty biopolymer
company in Georgia called Meredian (El-Amin, 2008). Meredian has started producing
the polymers on a pilot-scale process with a capacity of 13,000 tonnes per year and in
2008 broke ground on the first of four large-scale facilities that will each have capacities
of 68,000 tonnes per year (El-Amin, 2008).

1.2.3 Material Properties
In this section, some of the important material properties obtained from the
current literature for various PHA copolymers are presented. The properties of PHA
depend on the structure of the polymer or copolymer. Pure poly(3HB) is a stiff polymer
due to its high crystallinity (reaching as high as 60-80%) and has a low melt viscosity,
enabling injection molding of products with thin walls (Barham and Keller, 1986; Philip
et al., 2007). However, this stiffness makes it a very brittle material that, along with its
low nucleation density, results in large spherulites that form inter-spherulitic cracks and
cause brittle failure (El Hadi et al., 2002). The tensile strength of poly(3HB) is about 40-
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50 MPa with a modulus of 2500-4000 MPa and an elongation at break of 5-10% (Philip
et al., 2007; Williams and Martin, 2001; Bhattacharya et al., 2005). The tensile strength is
comparable to polypropylene, polystyrene, PET, and PLA (Bhattacharya et al., 2005).
Poly(3HB-co-3HV) has a lower crystallinity than poly(3HB) ± 30-50% ± and improved
mechanical properties, including lower stiffness and brittleness and increased toughness
(Conti et al., 2006; Galego et al., 2000; Asrar and Gruys, 2001). The tensile strength of
poly(3HB-co-3HV) is reduced to about 20-40 MPa and the modulus decreases to 8002000 MPa; however, the elongation at break is improved up to 20-30% (Bhattacharya et
al., 2005; Avella et al., 2000; El Hadi et al., 2002). Increasing the length of the backbone
in the polymer improves the strength and elongation ± resulting in an extremely elastic
material as demonstrated by poly(4HB) with a tensile strength of 104 MPa, modulus of
100 MPa, and an elongation at break of 1000% due to its low Tg of -50°C (Philip et al.,
2007). Increasing the length of the comonomer side chains also improves the toughness
and elongation properties of the polymer, so the Nodax family of copolymers possesses
good mechanical properties as well (Wolf, 2005). The crystallinity of poly(3HB-co-3HH)
is 18% for 25 mole percent 3HH, and the tensile strength decreases to 20 MPa while the
elongation at break increases from 6 to 850% (Chen et al., 2005). The tensile strength and
elongation at break are then comparable to linear low density polyethylene (13-28 MPa
and 900%) and high density polyethylene (22-27 MPa and 1000%) (Bhattacharya et al.,
2005).
PHAs have a semi-crystalline structure, with a degree of crystallinity ranging
from 20 to 80%. However, the crystallization rate is slow which makes some applications
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such as film blowing difficult (Abe and Doi, 1999). The rate of crystallization of PHA
decreases

with

increasing

structural

complexity

of

the

polymer:

i..e

poly(3HB)<poly(3HB-co-3HV)<poly(3HB-co-3HH). This is due to the bulky side groups
in 3HV and 3HH preventing crystallization due to steric effects (Kunioka et al., 1989).
The spherulitic radial growth rate for poly(3HB-co-HV) was found to reach a maximum
rate of 8

m/s at 80°C (Scandola et al., 1997), and under ambient conditions the

crystallinity changes with time and reaches a constant value after about one week (Cyras
et al., 1999). The estimated time required for poly(3HB) to completely crystallize is about
100 days while that for poly(3HB-co-3HH) is an order of magnitude slower than that at
about 3 years (Noda et al., 2004).
PHA films are translucent due to its high crystallinity and typically have a high
gloss (Wolf, 2005). Poly(3HB) and poly(3HB-co-3HV) have been shown to provide a
good O2, CO2, and water vapor barrier, and are suitable for some food packaging
applications and containers for cosmetic products (Wolf, 2005; Miguel et al., 1997). The
O2 and CO2 permeability for poly(3HB) is 0.03 Barrer and 0.06 Barrer - even lower than
that for PET (Miguel et al., 1997; Jia and Xu, 1991). The moisture vapor transmission
rate (MVTR) for poly(3HB) (2.94 g-mil/100in2/day) is also comparable to PET and
polypropylene (Miguel et al., 1997; Mehta et al., 2005).

1.3 Blends of Bio-based Polymers
Although many of the properties of these bio-based polymers are comparable to
conventional materials, the brittleness of the PLA and lower strength of the PHA
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polymers can be improved through copolymerizing or blending them with other materials
(Eickhoff, 2006; Wolf, 2005). Copolymers such as PLA/Poly-caprolactone (PCL)
(Hiljanen-Vainio et al., 1997) and blends such as PLA and PHA, PLA and starch, PHA
and starch, PLA and PCL, PHA and PCL, PLA and poly-ethylene oxide, PHA and polyethylene oxide, PLA and poly-vinyl acetate, PLA and poly-ethylene glycol have
improved performance with respect to permeability, and thermal and mechanical
properties (Wolf, 2005; Avella et al., 2000). The processability of PHA is improved upon
blending with other polymers such as PLA and PCL due to increased melt strength,
improved rheological properties of the blends, and decreased residual tackiness. These
features broaden the range of possible applications for PHA to include blown film and
blow molded products (Avella et al., 2000; Khemani et al., 2007; Noda et al., 2004,
Duarte et al., 2006). Blending a bio-based polymer having high stiffness, such as
poly(3HB) or PLA, with one having high flexibility, such as PCL or poly(3HB-co-3HV),
can result in strength and elongation characteristics superior to either of the pure
polymers (Khemani et al., 2007). In the blend composition the stiff polymer should make
up about 70 to 95 percent of the weight to achieve the optimum property enhancements
(Khemani et al., 2007). At these concentrations, the strength from the stiff polymer
remains while the elongation is improved from 100% to 1000% for a blend consisting of
80% stiff Biomax (Dupont modified PET) and 20% flexible Ecoflex (BASF aliphaticaromatic copolymers) (Khemani et al., 2007). Also, polymers like poly(3HB) and
poly(3HB-co-3HV) are opaque so if included at greater concentrations than 20-30%, the
material will no longer be transparent (Terada and Takagi, 2001).
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Several blending strategies have been proposed to improve the properties of biobased polymers. Blending a biodegradable aliphatic polyester, produced from a
condensation reaction of ethylene glycol/1,4-butandiol and succinic acid/adipic acid, with
conventional polymers such as polyethylene has been proposed as a low-cost alternative
to using the pure biodegradable material to improve the properties (Kim et al., 2001).
This results in blends where the tensile strength and tensile modulus increase with
increasing polyester content, while the flexural strength and flexural modulus decrease
with increasing polyester content (Kim et al., 2001). These results indicate that the
flexibility of the biodegradable polyester is improved by blending with polyethylene but
some of the strength is lost in the process.
Blending PLA and PHA is one of the more promising options due to both
polymers being biodegradable, of large commercial interest, and comparable in cost to
conventional polymers (Eickhoff, 2006; Noda et al., 2004; Schreck and Hillmyer, 2007;
Wolf, 2005; Ferreira et al., 2001; Iannace et al., 1994). PLA and PHA form a partially
miscible blend when the weight average molecular weight of the PLA is less than 20,000
Da but form a completely immiscible system at higher molecular weights (Yu et al.,
2006; Blumm and Owen, 1995). The method of producing the films can also affect the
miscibility ± a solvent casting technique produces immiscible blends while melt-blended
samples displayed some evidence of partial miscibility (Zhang et al., 1996). The PHA in
the blend produces a material that will degrade more rapidly while the PLA provides
added strength and less tack during processing (Noda et al., 2004; Khemani et al., 2007).
Since the PHA degrades faster, it facilitates the degradation process of the PLA by
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creating a porous structure that allows moisture and other biodegradation constituents
into the structure more readily (Noda et al., 2004). Blending stiff PLA with ductile
poly(3HB-co-3HH) provides properties improved compared to the pure polymers alone,
including flexibility, clarity, tack, toughness, ductility, and processability (Noda et al.,
2004). For example, the energy to break is improved from 0.21 N-m for pure PLA to 2.0
N-m for a 10% PHA blend, while the percent elongation was improved from 5% to
greater than 100% (Noda et al., 2004). In blends of PLA and poly(3HB-co-3HV), the
energy to break and elongation were only slightly improved from 0.21 N-m and 5% for
pure PLA to 0.32 and 6.2% for a 20% PHA blend (Iannace et al., 1994). However, if the
PHA content is below 10 weight percent, the film will still be too brittle for use, and if
DERYH  ZHLJKW SHUFHQW WKH ILOP ZLOO ORVH LWV FODULW\ GXH WR 3+$¶V KLJK FU\VWDOOLQLW\
(Noda et al., 2004; Terada and Takagi, 2001). These results are specific for the materials
investigated, and the optimum concentrations of PLA and PHA used in any blend will
depend on the grade and molecular weight of the PLA as well as the molecular weight,
comonomer, and comonomer content of the PHA (Terada and Takagi, 2001).

1.4 Degradation Pathway
In this section we discuss the degradation process for PLA and PHA copolymers.
The term biodegradable is often misunderstood and used interchangeably with bio-based
or renewable resource when describing polymeric materials. Bio-based polymers can be,
but do not have to be, biodegradable. Biodegradable materials exist that are not bio-based
such as polyesters and polyanhydrides (Scholz and Khemani, 2006; Narayan, 2006).
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Biodegradation is the process through which organic materials are broken down into
simpler compounds in a natural environment by biological agents such as enzymes or
microorganisms (Chandra and Rustgi, 1998).
Most bio-based polymers such as PLA and PHA do not simply biodegrade under
ambient conditions or even in a typical landfill. They require an environment such as that
encountered in composting facilities in order to break down to simple compounds. The
conditions in a typical composting facility allow the polymers to be broken down by
hydrolysis into oligomers or even monomers over time through a chain-scission
mechanism (Kasuya, 1998; Bigg et al., 2001). However, PLA requires elevated
temperatures (> 58°C) in order for hydrolysis to function effectively (Wolf, 2005). The
oligomers, up to a molecular weight of around 1,000 Daltons, and monomers can then be
broken down into simple compounds like water, methane, and carbon dioxide by
microorganisms either aerobically or anaerobically (Bigg et al., 2001). The pathway for
the biodegradation process of films comprised of hydrolysable polyester-based materials
like PLA is shown in Figure 1.4.
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Figure 1.4 Degradation pathway followed by biodegradable film products composed of
hydrolysable polyesters (Bigg, et al., 2001)

PHA is largely resistant to hydrolytic degradation but degrades readily by
microbial or enzymatic activity in soils, activated sludge, and marine environments
(Noda et al., 2004; Braunegg et al., 1998). The polymer is degraded under both aerobic
and anaerobic conditions through extracellular depolymerase enzymes generated from
microorganisms. These enzymes break the polymer down into oligomeric esters and
eventually into the corresponding monomers (Kunioka et al., 1989; Philip et al., 2007;
Braunegg et al., 1998). The process of enzymatic degradation is accelerated as the
crystallinity of the polymers decreases because of the greater access to the polymer
chains in the amorphous regions (Nishida and Tokiwa, 1993; Philip et al., 2007).
Copolymers such as poly(3HB-co-3HV), poly(3HB-co-4HB), and poly(3HB-co-3HH)
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enzymatically degrade faster than poly(3HB) due to the decreased crystallinity (Doi et al.,
1990). In addition, intracellular degradation of PHA can be accomplished using most
PHA-producing bacteria (Philip et al., 2007). However, little information is actually
known about the mechanism of intracellular degradation since it occurs within the cells
(Tokiwa and Calabia, 2004; Jendrossek, 2001; Merrick and Doudoroff, 1964). PLA is
prone to enzymatic degradation as well but primarily degrades by hydrolysis (Cai et al.,
1996; MacDonald et al., 1996; Li and McCarthy, 1999; Gross and Kalra, 2002).
The degradation behavior depends extensively on the polymer architecture,
molecular weight, crystallinity, orientation, additives, and surface area (Mochizuki and
Hirami, 1997; Nishida and Tokiwa, 1992; Tokiwa and Calabia, 2004; Abe and Doi, 2002;
Bigg et al., 2001). The conditions in the surrounding environment, including microbial
population, temperature, moisture, and pH also influence the degradation rate (Tokiwa
and Calabia, 2004; Abe and Doi, 2002). Additives can be included in the polymers which
accelerate the degradation process. These include microencapsulated compounds with a
high moisture content or microbial nutrient that are released after disposal, copolymers
that degrade faster than PLA, and plasticizers (Bigg et al., 2001).

1.4.1 Impact of Thermal Degradation on Rheology
One of the major drawbacks to most bio-based polymers, particularly PLA and
PHA, is their potential thermal degradation under typical processing conditions (Daly et
al., 2005; Galego and Rozsa, 1999; Kunioka and Doi, 1990; Satkowski et al., 2001). For
PLA and PHAs, this thermal degradation typically occurs at lower temperatures than for
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conventional polymers. The degradation consequently alters the chemical and physical
properties of the materials and produces crotonic acid as a by-product, which is
considered to be a toxic chemical if inhaled (Lemoigne, 1926; Morikawa and
Marchessault, 1981).
PHAs are less thermally stable than other hydroxyl carboxylic acids such as PLA
and PCL (Aoyagi et al., 2002; Grassie et al., 1984; Morikawa and Marchessault, 1981).
The thermal degradation of PHA is dominated by a random cis-elimination reaction. The
chain-scission degradation mechanism causes a reduction of the molecular weight of the
polymer, which will have a significant effect on the viscosity according to the wellknown Fox relationship (Berry and Fox, 1968). The Fox equation states that the zeroshear viscosity scales as the weight average molecular weight to the 3.4 power (Berry
and, 1968). By investigating the rheology of these polymers at typical processing
conditions, it is possible to understand and quantify the degradation rate. Several
rheological studies have been performed which examine the degradation behavior of
PLA, PHA, and blends of PLA with PHA (Eickhoff, 2006; Daly et al., 2005; Harrison
and Melik, 2006; Satkowski et al., 2001). It was shown that by performing sequential
dynamic frequency sweep and steady shear rate experiments using the same sample for
various PHA polymers, a decrease in the measured viscosity occurred in successive
experiments due to the thermal degradation of the material (Harrison and Melik, 2006;
Satkowski et al., 2001).
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1.4.2 Degradation Kinetics
Previous studies of the thermal degradation behavior for PHAs show that the
thermal degradation rate is related to the rate of bond cleavage of the polymer and the
kinetics follow a first-order mechanism as represented in the following equation (Mark
and Tobolsky, 1950; Melik and Schechtman, 1995; Daly et al., 2005; Eickhoff, 2006):

1
DP

1
DP0

kT t

(1.1)

where DP0 is the initial degree of polymerization (at t=0), DP is the degree of
polymerization at time t, and kT is the thermal degradation rate constant or rate of chain
scission. Using the definition of the degree of polymerization (DP=M w/M0, where M0 is
the molecular weight of the monomer) and the Fox relationship between molecular
weight and viscosity, Equation 1.1 can be transformed to relate the thermal degradation
rate constant to the polymer melt viscosity at varying times as shown in Equation 1.2:

1

1

k 2t

(1.2)

o

where

is the viscosity at time t,

rate constant, and

o

is the initial viscosity at t = 0, k2 is the degradation

is equal to 1/3.4, with the 3.4 coming from the Fox relationship. This

equation provides a method to estimate the degradation rate constant k 2 from the slope of
a plot of 1/

versus time. The degradation rate constant has been found to increase with

increasing temperature (Daly et al., 2005; Eickhoff, 2006). This method was explored for
polyester melts using PET and was found to provide an alternative technique to gel
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permeation chromatography (GPC) for monitoring the molecular weight over time (Seo
and Cloyd, 1991).

1.5 Polymer Processing
Polymer processing provides a means to manufacture useful products from
polymer resins or powder. This is generally achieved using an extrusion or molding
process, and requires the use of a shaping die or mold to form the desired shape of the
end product. In these processes, the polymer is typically heated above the melt
temperature to allow flow and deformation of the material to occur, and then cooled
rapidly after product formation to freeze it in its final shape. The crystallization kinetics
of the polymer and the steps in the process that lead to orientation/deformation play a
major role on the properties of the finished products (Osswald and Hernandez-Ortiz,
2006). Films can be made using a blown film or cast film process; fibers can be produced
by wet, dry, gel, or melt spinning processes (Ziabicki, 1976); and other products can be
molded by, for example, thermoforming, injection molding, blow molding, or
compression molding processes (Baird and Collias, 1995).

1.5.1 Extrusion
In extrusion, the polymer is continuously pumped down the barrel of the extruder
and through a shaping die at the end. The material is fed into the extruder via a hopper.
The barrel is heated using a temperature profile, whereby the temperature is gradually
increased down the length of the extruder to promote gradual melting of the polymer and
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to avoid overheating. During operation, viscous heat generation or shear heating provide
some of the heat for the process, and external heaters around the extruder barrel are used
primarily for maintaining a constant temperature environment within the extruder during
the process (Cox and Macosko, 1974). The extruder can be either single screw or twin
screw. The twin screw configuration provides better mixing capability than a single
screw (Osswald and Hernandez-Ortiz, 2006). Screw design is an important issue, and the
screws are typically designed with three zones: feed zone, compression zone, and
metering zone. The feed zone acts to compact the polymer pellets and convey them away
from the feed throat. This section is characterized by a deep flight depth and constant root
diameter of the screw. In the compression (or transition) zone, the polymer is being
melted. The flight depth in this section varies and gradually decreases while the root
diameter of the screw increases in order to compress the material to enhance melting and
mixing of the polymer (Tadmor and Gogos, 1979). Finally, the metering zone operates to
maintain a homogeneous flow and serves as a flow controller for the polymer melt (Baird
and Collias, 1995). In this section, the flight depth is shallow, and the screw has a
constant root diameter. The screw(s) can be designed for specific applications depending
on the polymers being used and mixing specifications (Tadmor and Gogos, 1979).
Beyond the screw but prior to the die, the extruder can also have a screen pack to filter
any impurities and non-melted polymer and a melt pump to provide a more steady flow.
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1.5.2 Film Processing
Plastic films and sheets play a huge role in our society. They are used as
packaging materials, bags of all sorts, and in applications where they are thermoformed
into products such as cups, containers, and lids. On an industrial scale, films are produced
using either the cast film or blown film process. These two processes are very different
from each other and produce films with very different optimized properties (Baird and
Collias, 1995).
A diagram of the cast film setup is shown in Figure 1.5. The key components
include: an extruder; a screen pack to filter out particulates or non-molten material; a slit
die to form the molten polymer into a film; a quench system to freeze the film in its shape
and lock in amorphousness; and a take-off system to collect the film. Other components
that can be included are a thickness scanning system to measure and control the thickness
of the film, a surface treatment device such as a corona treater to allow the film to be
printed upon later, a tentering system to biaxially orient the film, and a slitter to cut the
edge beads from the sides of the film (Vlachopoulos and Wagner, 2001).

Figure 1.5 Schematic of the main components in cast film setup
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allows the melt to be evenly distributed across the width of the die and provides better
control of the flow so that a uniform flow rate is produced along the width of the die exit
(Baird and Collias, 1995). It also helps prevent retention of material within the die. A
diagram of a coat hanger die is shown in Figure 1.6.

Figure 1.6 Diagram of a typical coat hanger die

In the cast film process, as the film exits the die the polymer expands slightly due
to viscoelastic memory effects (Cogswell, 1981). This phenomenon is called die swell.
The film also experiences neck-in as a result of the extension-dominated flow field. This
extensional flow results in some polymer orientation within the film. The stretching also
leads to the formation of edge beads where the film thickness is greater along the sides of
the film (Cogswell, 1981; Silagy et al., 1999). The edges need to be removed at the end
of the process, which reduces the yield and width of useful material that can be obtained
by film casting. However, in industry this material is generally recycled back into the
extruder to minimize waste (Pearson, 1985).
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The cast film process produces a flat and often amorphous film because it is
typically quench-cooled after exiting the die (Pearson, 1985). This cooling is achieved
using many methods including: a three roll stack whereby the film is sandwiched
between two chill rollers and is quenched by conductive cooling from both sides; a single
chill roll which quenches one side by conductive cooling and is forced against the roller
by air pressure or pinning; and a water bath which quenches the film from both sides by
convective cooling (Tadmor and Gogos, 1979; Pearson, 1985; Selke et al., 2004;
Kimmel, 2008). This quenching allows any crystallization to be precisely controlled later
in an orientation process. The desired film thickness determines which heat transfer
mechanism should be used in quenching, and the surface quality determines the polishing
method of the rollers to use (Selke et al., 2004; Kimmel, 2008).
A diagram of a blown film setup is shown in Figure 1.7. The key components
include: an extruder; a screen pack to filter out particulates or non-molten material; an
DQQXODUGLHWRIRUPWKHPROWHQSRO\PHULQWRD³EXEEOH´DQDLUULQJWRFRQWUROWKHEXEEOH
shape and provide some cooling; a collapsing frame to reduce the round tube to a flat
film; a set of nip rolls to hold air in and control the draw-down of the film; and a take-off
system. Other components that can be included are an internal bubble cooling system to
provide some convective cooling on the inside of the bubble with air, a slitter to trim both
sides of the bubble and create two films, and a thickness controlling system whereby
some part of the system rotates to randomize the thick spots in the film (Tadmor and
Gogos, 1979; Selke et al., 2004).
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Figure 1.7. Diagram of the main components in blown film setup

As mentioned previously, the properties of the films produced by the two
processes are quite different. Film casting provides more control over the thickness of the
film and therefore typically produces a more uniform and flatter film (Tadmor and
Gogos, 1979). The film produced by film casting is more transparent due to the lower
crystallinity, which is caused by the quench-cooling process (Tadmor and Gogos, 1979).
The amorphous character quenched into the cast film allows the crystallinity to be
accurately controlled down the line in an orientation process, which produces a very
strong and tough film (Tadmor and Gogos, 1979). The down side to this is that the
crystallites produced in the orientation process, called paracrystals (Hindeleh and
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Hosemann, 1988; Petermann and Schultz, 1978), are smaller and give inferior barrier
properties as compared to blown films. The advantages of the blown film process over
the cast film process are lower cost and improved barrier properties (Selke et al., 2004;
Kimmel, 2008).

1.5.3 Processing Conditions
In the cast film process there are several parameters that can be adjusted which
influence the flow behavior and final properties of the polymer films (Baird and Collias,
1995; Pearson, 1985). One is the draw ratio, which is the ratio of the final velocity in the
system (i.e. velocity of the solid film) to the initial velocity in the system (i.e. average
velocity of the melt exiting from the die). The draw ratio provides a measure of the
amount the material is stretched uniaxially in the machine direction in the process and
affects the crystallinity or orientation in the process as well as the degree of neck-in of the
film (Smith and Stolle, 2000; Silagy et al., 1999). Other parameters of interest in the
process include the melt pressure, melt temperature, and screw speed (flow rate). The
melt pressure is important because it provides a measure of the stresses that build up
downstream at the filter and die and can indicate when the filter is contaminated
(Rauwendaal, 2001). The melt temperature is important because of the temperature
dependence of viscosity. As the temperature increases, the viscosity of a polymer
decreases, which will also affect other processing conditions such as the melt pressure
and flow rate. The screw speed is another important parameter because it is directly
proportional to the flow rate of the polymer melt.
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1.5.4 Orientation Processes
After the initial cast film formation stage, an orientation system is often used to
improve the film properties and produce stress-induced crystallization within the
polymer, allowing the films to be tailor-made for specific applications. The orientation
process produces a film that is: transparent with small paracrystals; tough with its
oriented morphology; dimensionally stable since amorphous regions were relaxed;
uniform in thickness since drawn into the strain hardening region; and a good barrier with
its high crystallinity (Pearson, 1985; Tadmor and Gogos, 1979; Kimmel, 2008). In
industry, the orientation system is located in-line downstream from the die. However, in a
laboratory environment this orientation step can also be performed in secondary
equipment that typically operates in a batch mode. The orientation process imparts either
uniaxial extension or biaxial extension, and can be performed with one of several
different techniques.
In a uniaxial orientation system, the film is stretched in one direction, either in the
machine direction (MD) ± in the direction of the polymer flow ± or in the transverse
direction (TD) ± in the direction perpendicular to the polymer flow. The most common
uniaxial stretching system consists of a series of heated rollers, where each roller is
moving faster than the previous one to produce a high draw down ratio for the film
(Pearson, 1985; Kimmel, 2008). In a batch procedure, the film is clamped at both ends
and stretched in one direction inside a temperature-controlled oven.
In a biaxial orientation system, the film is stretched in both the machine and
transverse directions. This can be accomplished by using one of several methods,
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Campbell, 1999). The sequential process stretches the film in the MD first followed by
the TD, or vice versa, whereas the simultaneous process stretches the film in the MD and
TD at the same time. These steps are typically accomplished using a tentering system
within the cast film processing line.

1.6 Research Objectives
In this work, we examine the processability of PLA, PHA, and blends of these
two polymers into films. Initially, the rheology of the materials was studied to understand
the flow and degradation behavior of the materials prior to processing. Blends of PLA
and PHA have been previously investigated by other research groups. However, these
studies have focused on solvent cast films (Furukawa, 2006; Iannace et al., 1994; Zhang
et al., 1996; Haynes et al., 2007; Marcott et al., 2004, Takagi et al., 2004; Ferreira et al.,
2001; Focarete et al., 2002) or some form of melt blending in a mixer or extruder and
compression molding into films (Noda et al., 2004; Schreck and Hillmyer, 2007; Blumm
and Owen, 1995). Few studies have been performed on melt cast films for PLA and PHA
blends (Noda et al., 2004; Terada and Takagai, 2001; Khemani et al., 2007). The thermal,
crystalline, and mechanical properties of the films are studied as a function of PHA
concentration in the blend and on processing conditions such as draw ratio, melt
temperature, and subsequent uniaxial stretching. Blending the two materials allows the
final properties to be tailored by varying the blend composition.
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The organization of this dissertation is as follows. In Chapter 2, the materials and
methods used in this research are discussed in detail. In Chapter 3, the thermal and
rheological properties of the materials are presented. Models for predicting the
rheological behavior based on the blend concentration are also examined. In Chapter 4,
we report the crystallinity and mechanical properties of the cast films. We also study the
properties of films that have been uniaxially stretched at various conditions. Finally,
Chapter 5 summarizes the important conclusions from the results of this research and
provides recommendations for future work.
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CHAPTER 2
EXPERIMENTAL

In this chapter, the materials and experimental methods used in this research are
discussed in detail. First, the materials examined are presented. Next, the characterization
techniques for the thermal and flow properties of the polymers are explained. Then, the
procedure for film casting is described along with the processing conditions used to
produce the films. Finally, the methods used for studying the structure-property
relationships of the films are presented. These techniques include DSC and wide angle xray diffraction (WAXD) to study crystallinity, tensile testing to study the mechanical
properties, and post-processing uniaxial stretching to study the effect of post-drawing on
the properties of the films.

2.1 Materials
The materials used in this research were polylactic acid (PLA) and several
different polyhydroxyalkanoate (PHA) copolymers. Both the PLA and PHA were
obtained from commercial sources. The PHA of primary interest is a random copolymer
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate), obtained from Aldrich, with various
3HV comonomer concentrations of 5, 8, and 12 mole percent. The PLA (7000D grade)
was obtained from Natureworks®. These particular PLA and PHA materials are chosen
for this work because of the similarity in melting temperatures which helps to limit the
thermal degradation during processing. Table 2.1 lists some properties of the materials

36

used in this study, including the composition of the copolymer and the melt temperature
determined by DSC. The PHA polymers have two Tm peaks due to the melting of crystals
of different sizes (Gassner and Owen, 1996; Bloembergen et al., 1989) and recrystallization during the heating process (Cyras et al., 2000; Peesan et al., 2005).

Table 2.1 General properties of the polymers employed in this study
Sample
Composition
PHA I
5% HV
PHA II
8% HV
PHA III
12% HV
PLA 7000D
²

Tm (°C)
153, 164
145, 158
142, 154
152

In addition to the pure polymers, blends containing 10, 20, 30, and 50 weight percent of
PHA in PLA are studied.

2.1.1 Blending
Blends of PLA and PHA with various PHA concentrations are produced using a
DSM Xplore Microcompounder. This device is a small-scale, twin-screw extruder with a
vertical orientation and a liquid-tight barrel. The screws are conical in shape with a
diameter that tapers down along the 13.5 cm barrel length. The barrel has a loading
capacity of 15 mL and can operate in a batch operation mode, which allows blending
small quantities of materials together with a short residence time in order to minimize the
thermal degradation of the materials during the extrusion process. The materials are
introduced into the extruder barrel manually using a hopper with a plunger injection
system. The system measures the axial force at the bottom of the barrel based on the
force exerted by the material as it is being driven down the extruder. The

37

microcompounder provides a method for testing and evaluating new materials or
formulations typically not feasible with conventional processing equipment due to issues
such as insufficient quantities of synthesized material, expensive materials, or expensive
additives. A diagram of this system with the film casting attachment is displayed in
Figure 2.1.

Figure 2.1 Schematic of the DSM Xplore with film casting attachment

The temperature can be controlled in three separate heating zones and enables
processing with a uniform temperature, temperature gradient, or direct melt temperature
control via an additional melt thermocouple. The screws can be run in either co-rotating
or counter-rotating modes, while the drive system can operate in either speed-controlled
or force-controlled modes. Typically, counter-rotation provides better mixing capabilities
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(Osswald and Hernandez-Ortiz, 2006); however, no differences in properties were found
between the two rotation modes in this study. In speed-controlled mode, the screws are
rotated at a constant speed during extrusion. In a batch process, this mode results in a
steady decrease in throughput due to the decreasing volume of material inside the barrel
and consequently the decreasing force at the die. In force-controlled operation mode, the
screw speed is continuously adjusted by the system to keep the measured force constant.
This allows a more stable die pressure to be maintained and therefore enables throughput
control during extrusion. The residence time can also be varied via recirculation of the
melt, which allows for excellent mixing and dispersion upon blending. The default die is
a circular die that allows basic extrusion of a strand of material. Other attachments and
dies for the system enable injection molding, film casting, and fiber spinning to be
performed.
The extrusion parameters for preparing the blends were as follows. The default
circular die was used during extrusion for these preliminary studies. The extruded strand
was then chopped into pellets used for conducting experiments such as DSC and
rheology. The temperature of the system was controlled uniformly and set at 190°C to
provide an identical temperature environment along the length of the barrel and
recirculation zone. A residence time of 15 minutes was used to ensure adequate time for
mixing prior to extrusion. The screws were operated in co-rotating mode, and the motor
was speed-controlled at a rate of 50 rpm.
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2.2 Polymer Characterization Methods
The properties of the pure polymers as well as the blends were investigated prior
to processing the materials into films. Differential scanning calorimetry was performed to
learn more about the thermal transitions. A full rheological characterization, including
shear and extensional measurements, provided critical information about the flow
behavior as well as degradation properties.

2.2.1 Differential Scanning Calorimetry (DSC)
Thermal analysis of a polymeric material is important for materials
characterization. Differential scanning calorimetry (DSC) is a thermal analysis technique
used to determine the glass transition temperature (Tg), crystallization temperature (Tc),
melting temperature (Tm), and the enthalpies associated with the crystallization and
melting. It can also be used to obtain a measure of the percent crystallinity within the
sample.
The DSC system measures the difference in the heat required to increase the
temperature of a sample and a reference as a function of temperature. The reference is
typically an empty aluminum pan. The temperatures of the empty pan and a pan
containing sample are kept identical to one another by controlling the amount of heat
flowing into each system to maintain a constant heating or cooling rate. When the
temperature at which a phase transition occurs for a particular material, a peak will be
observed on the thermograph. For example, at the glass-transition temperature a shift
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down in the baseline occurs, indicating that heat is being added to the sample to move
through the transition and an endothermic process is taking place.
As the temperature is increased further, the sample may crystallize depending on
the structure of the material and whether amorphousness was frozen into the sample
during processing. This is referred to as cold-crystallization. If this does take place, an
exothermic process takes place whereby less heat is required to raise the sample
temperature and an upward peak will appear on the thermograph.
Then, at the melt point of the material more heat flow to the sample is required to
increase its temperature at the same rate as the reference and a downward peak will be
shown on the thermograph, indicating an endothermic process. If the sample is cooled
down after heating then there may be a crystalline exothermic peak observed during this
cycle depending on the cooling rate applied and polymer being tested.
From the transitions observed, it is possible to calculate the enthalpies of these
processes by measuring the area under the peaks. The percent crystallinity of the sample
can be determined from this information using Equation 2.1 (Gray, 1970; Richardson,
1972):

Hm - Hc
100%
H mo

% Crystallinity

where

Hm is the heat of melting,

Hc is the heat of cold crystallization,

(2.1)

Hm° is a

reference value and represents the heat of melting if the polymer was 100% crystalline.
Hm° can be looked up in a journal or polymer handbook for a particular material.
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Reference melt enthalpies for 100% crystalline PLA of 93 J/g (Fischer et al., 1973) and
poly(3HB-co-3HV) copolymers of 109 J/g (Scandola et al., 1997) are used to calculate
the percent crystallinity. The degree of crystallinity is one of the most important
properties of a polymer sample because it influences all the mechanical properties such as
tensile strength, modulus, elongation, and impact strength (Sperling, 2001).
In this work, a Perkin Elmer Pyris 1 DSC was used. The procedure for performing
DSC experiments is as follows:

1.

Turn on the instrument, including the cooling air and nitrogen which is used
as a purge and to prevent oxidation.

2.

Run a baseline test with the same temperature program used for the other
experiments to calibrate the DSC.

3.

Weigh an empty pan. Cut a small piece of sample, place it in the pan, and
weigh the sample and pan together to obtain the sample weight. The weight of
the samples for this study ranged between 3-6 mg.

4.

Place the lid inside the pan on top of the sample. Crimp the edges of the lid
and pan using the Perkin Elmer press to keep the sample in place and place
the pan into the calorimeter.

5.

Input the test parameters into the computer software and begin the test. For all
samples, the test consisted of heating from 30 to 190°C, holding at 190°C for
1 minute, cooling down to 30°C, holding at 30°C for 1 minute, and re-heating
to 190°C. All the heating and cooling steps were run at a rate of 20°C per
minute.

6.

Open the results in the analysis software to determine the glass transition
temperature (Tg), cold-crystallization temperature (Tc), melt temperature (Tm),
cool-from-the-melt temperature (Tc), and enthalpies of these processes along
with any other transitions observed.
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2.2.2 Rheology
Rheology is defined as the study of the deformation and flow of a fluid (see, for
example, Morrison, 2001). An important property of a molten polymer is its shear
viscosity and the dependence of the viscosity on temperature and deformation rate. Most
polymer melts are classified as shear thinning fluids. At higher shear rates, the polymer
molecules orient and the number of entanglements between the polymer chains decreases.
These phenomena make it easier for the chains to flow past one another. The viscosity
also decreases with increasing temperature due to the increase in the kinetic energy of the
molecules caused by higher temperatures.
A rigorous study must be performed on polymer materials in order to better
understand the rheological behavior. In this study, both shear and extensional rheology
are performed to characterize the flow properties of the blends. Transient rheology is
used to quantify degradation, via degradation kinetics, under typical thermal and
mechanical processing histories.

2.2.2.1 Shear Rheology
There are two main techniques to perform shear rheology: rotational and capillary
rheology. Rotational rheology is primarily used at lower shear rates ʹ from 0.001 to ~100
s-1. The cone and plate geometry is the most commonly used setup in rotational rheology
and is the fixture used in this research. This is due to the shear rate being constant
throughout the geometry of the plate as a result of the cone angle.
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Capillary rheology is another common method to measure the shear rheology.
This technique uses a pressure-driven flow and measures the pressure at the entrance to a
capillary die in order to obtain the viscosity of the polymer melt. This results in apparent
values for the viscosity and shear rate, which are then corrected using the Bagley and
Weissenberg-Rabinowitsch corrections (Bagley, 1957; Morrison, 2001). Capillary
rheometers are typically used at moderate to high shear rates, from ~10 to 10,000 s-1.
These measurements require significantly more material and time to perform than
rotational experiments.
In this study, a TA Instruments Advanced Rheometric Expansion System (ARES)
rotational rheometer was used to perform most of the shear rheology experiments. A cone
with a diameter of 25 mm and cone angle of 0.1 radians was employed. The gap between
the apex of the cone and bottom plate is specified to be 0.056 mm during testing.
Dynamic frequency sweep tests and dynamic time sweep tests were conducted. The
dynamic frequency sweeps are performed rather than steady shear tests because of the
thermal degradation that can occur for PLA and PHA polymers at elevated temperatures
$OEHUWVVRQDQG9DUPD$VUDUDQG*UX\V*UXEHUDQG2¶%ULHQ'DO\HW
al., 2005; Eickhoff, 2006). These dynamic tests are faster to perform, and in accordance
with the Cox-Merz Rule, provide the same information as steady shearing (Cox and
Merz, 1958). Dynamic time sweeps probe the degradation of the materials by measuring
the evolution of the complex viscosity, at constant temperature and frequency, as a
function of time. An inert nitrogen atmosphere was used for all experiments. The
rheology and degradation results were used to determine suitable blend compositions and
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processing conditions for film casting. The procedure for performing the experiments is
as follows:

1.

Turn on the rheometer, install the cone and plate fixture, and check for proper
alignment.

2.

Set the oven to the desired test temperature, and wait 5-10 minutes for it to
equilibrate.

3.

Offset the force and torque to zero so that when no sample is present the
machine reads a zero measurement. Also, zero the fixture so the gap between
the two plates is measured accurately and any thermal expansion of the metals
is accounted for in the measurement.

4.

Open the oven doors and load the sample onto the bottom plate. Close the
oven doors and bring the cone down so that it is in contact with the sample.

5.

Allow the temperature to equilibrate again, and then set the gap to 0.1 mm and
clean any excess material around fixture.

6.

Set the gap to the required 0.056 mm, and wait for temperature to equilibrate.

7.

Input the test parameters for the designated experiment, including frequency,
temperature, time, and strain.

8.

Begin the test.

For the dynamic frequency sweep tests, a frequency range of 0.1 to 500 rad/s was
studied at 3% strain. This strain is within the linear viscoelastic region for the polymers
studied. Tests were performed at temperatures generally ranging from 155°C to 185°C. In
the dynamic time sweep experiments, a frequency of 1.0 rad/s and a strain of 3% were
used over a fixed time interval to investigate the thermal degradation behavior of the
polymer. Tests were performed at temperatures ranging from 165°C to 185°C. At least
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three trials were run for each experimental condition to check for reproducibility of the
results.

2.2.2.2 Extensional Rheology
Extensional rheology analyzes the effect of stretching a material on its flow
properties. Extensional flows are important to investigate for polymer processing
geometries including film casting, film blowing, and fiber spinning (McKelvey, 1962;
Cogswell, 1981). The method employed in this study involved uniaxially stretching the
sample using the TA Instruments Extensional Viscosity Fixture (EVF) attached to the
ARES rotational rheometer. Figure 2.2 shows a schematic of the EVF and how it
operates. The sample is outlined in red to illustrate how it is mounted.

Figure 2.2 Schematic for the extensional viscosity fixture (EVF)

The EVF measures the transient evolution of the extensional viscosity over a wide
range of extension rates that are typically encountered in polymer processing
applications. TA Instruments provided a mold with the EVF that generates optimal
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dimensions for testing. The mold consisted of 20 rectangular-shaped patterns with a
width of 10 mm, length of 19 mm, and thickness of 0.9 mm. The samples were
compression molded using a progressive pressure procedure called bumping, which
minimizes air bubbles and produces uniform samples. The procedure is similar to that for
shear rheology:

1.

Turn on the rheometer, install the EVF, and check for proper alignment.

2.

Set the oven to the desired test temperature, and wait 5-10 minutes for it to
equilibrate.

3.

Offset the force and torque to zero and zero the fixture. Set the gap to 0.350
mm to align the clamps of the fixtures.

4.

Open the oven doors and clamp the sample in place. Close the oven doors and
allow temperature to equilibrate again.

5.

Input the measured sample width and thickness and other test parameters for
the experiment, including extension rate, temperature, time, solid density, melt
density, prestretch rate, and relaxation time.

6.

Begin the test.
The extension rates used for the experiments were 0.1 to 10 s-1. Since the

maximum Hencky strain is 4, the time required to run these tests ranges from 40 seconds
to about 1 second, which results in minimal thermal degradation during the trials.
Experiments were performed at temperatures ranging from 160°C to 175°C. At least
three trials were run at each extension rate and temperature for each sample to check for
reproducibility of the results.
During the test, the upper fixture is fixed while the lower fixture rotates around
the upper fixture and simultaneously revolves about its axis, uniaxially stretching the
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sample. The torque (i.e. force) applied to the sample is measured by a transducer at the
upper fixture in order to ultimately obtain the extensional viscosity at a particular
extension rate using the following equations:
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is the elongational strain over time, F(t) is the force over time, A(t) is the

cross-sectional area over time, A0 is the original cross-sectional area, and İ 0 is the
extension rate.

2.2.2.3 High Shear Rheology
For some applications, such as micromolding and thin-walled injection molding,
it is necessary to probe strain rates exceeding 106 s-1 (Kelly et al., 2009; Whiteside et al.,
2003). High strain rate rheological measurements at these rates are difficult to make and
are primarily only achievable with a pressure driven device, although a rotational
rheometer has been modified to achieve such rates (Mriziq et al., 2004). A capillary
rheometer can also be modified to perform high shear measurements (Takahashi et al.,
1985). However, the most common technique is to modify an injection molding device to
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operate as a rheometer (Benhadou et al., 2007; Coates et al., 2007; Kelly et al., 2009;
Whiteside et al., 2003; Rogelj and Krajnc, 2008). Injection molding machines provide a
nice method for making measurements at these high strain rates because their large
injection volume allows a steady state pressure to be reached and provides a direct
method to measure rheological properties typically observed in this process (Whiteside et
al., 2003).
High shear rheology experiments on PLA were conducted in collaboration with
the Polymer IRC at the University of Bradford. The measurements were carried out on a
100 tonne FANUC Roboshot S-2000i injection molding unit with a 22 mm diameter
screw and maximum injection pressure of 260 MPa. The machine was operated in air
shot mode, whereby the polymer was extruded while the injection unit was not in contact
with the mold, due to the high pressures attained during the experiments. The nozzle was
modified to include a capillary die. Two different dies were used, each having a diameter
of 0.5 mm. The first was a long die with an aspect ratio of 16:1 (8 mm length), and the
second was an orifice die with length of 0.25 mm. This allowed the Bagley correction to
be applied (Bagley, 1957) and also allowed calculation of the extensional viscosity using
the Cogswell method (Cogswell, 1972). The pressure was measured at the die entrance
using a Dynisco fast-response melt pressure transducer operated at a frequency of 100
MHz. A schematic of the setup for this modified injection molding unit is shown in
Figure 2.3.
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Figure 2.3 Schematic of experimental setup for the modified injection molding
machine used for measuring the high shear rheology of PLA

A LabView program was created to monitor and analyze the collected data online.
The machine was run at various injection speeds with both dies. At the end of each cycle,
a graph of the pressure versus time was displayed, and the steady state plateau pressure
value was determined from these graphs. After all the measurements were made, the wall
shear stress and wall shear rate were calculated based on standard capillary rheometry
analysis for steady state laminar flows (Morrison, 2001):

PL - P0 R
2L



4Q
R3

(2.5)

(2.6)

where PL is the long die pressure, P0 is the orifice die pressure, R is the die radius, L is
the length of the long die, and Q is the volumetric flow rate. The resultant shear viscosity
and extensional viscosity were also calculated and displayed in a plot versus strain rate.
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The polymers were injected at rates from 0.6 to 100 mm/s, which correspond to
strain rates from 18,000 to 3.2x106 s-1. A Malvern Instruments RH10 capillary rheometer
was used to probe moderate strain rates (100 to 56,000 s-1) and confirm reproducibility of
the measurements from the FANUC up to a strain rate of 56,000 s-1. The same capillary
dies were used on the RH10 as were used on the FANUC.

2.3 Preparation of Films
Films are produced using the DSM Xplore Microcompounder with the film
casting attachment. The small, bench-top extruder provides an excellent mixing process
and also extrusion of films. The system is exactly the same as used for blending but uses
a film die in place of the circular die. The film die dimensions are 35 mm in width and
0.4 mm in thickness. The air knife serves an important purpose in the process: to quench
cool the film after the melt exits the die. The position of the air knife alters the
dimensions of the film and can be adjusted. The farther away from the die the air knife is
located, the longer the polymer remains in a molten state and the more neck-in occurs.
The air knife position was maintained between 2-3 cm from the die exit and
approximately 3 mm below the film for all the batches to minimize the neck-in. If the air
knife was placed closer to the die than this, it cooled the die and caused unstable flow due
to solidification of the melt within the die. Films having a width between 25-30 mm were
typically obtained from the process.
As in the blending procedure, the temperature of the system was controlled
uniformly, and the screws were operated in co-rotating mode. The residence time before
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extrusion was also kept constant at 15 minutes. However, the motor was force-controlled
to provide a more stable throughput and therefore produce films with more uniform
dimensions. We also manipulated the speeds of the rollers in the drawing and take-up
process. The first roller is speed-controlled and is responsible for drawing of the film.
The second roller is torque-controlled, and although it can also affect the drawing of the
film, it was used as the take-up roll for the process. Since most of the draw-down of the
film occurs between the die and the first roller, the torque on the second roller was
adjusted so the rotation rate matched the speed of the first roller.
A uniform temperature for the three heating zones of the microcompounder
ranging between 180°C to 210°C was investigated to determine the effect of temperature
on the properties of the resulting films. However, for most of the study, a uniform
temperature of 190°C was used to explore the effects of other parameters such as drawdown ratio, throughput, and blend composition. The throughput was regulated by
adjusting the force that was used for the force-controlled operation. Subsequent testing on
the films examined the structural, thermal, and mechanical properties as a function of
these parameters.

2.4 Film Characterization
Manipulating the processing conditions and altering the blend composition will
have a significant impact on the resultant properties of the films such as crystallinity,
tensile strength, flexibility, and toughness. Differential scanning calorimetry (DSC) and
wide angle x-ray diffraction (WAXD) are used to determine the effects on the thermal
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transitions and crystallinity of the films. Tensile testing is used to study variations in the
mechanical properties of the films.

2.4.1 Wide Angle X-ray Diffraction (WAXD)
During film processing, the drawing process induces orientation, which results in
an increase in the crystallinity of the films. Differential scanning calorimetry (DSC)
provides one method for determining the percent crystallinity of a polymer material.
Wide angle x-ray diffraction (WAXD) also may be used to analyze the crystalline
structure of polymers (Sperling, 2001; Cyras et al., 1999; Furuhashi et al., 2006; Iannace
et al., 1994; Bloembergen et al., 1986). In this technique, x-rays are projected onto a
sample. These x-rays can be scattered elastically, meaning the incident and emitted x-ray
have the same energy, or inelastically, meaning some energy has been absorbed by the
material (Suryanarayana and Norton, 1998). To illustrate this process, consider two
parallel planes of atoms being bombarded with x-rays as shown in Figure 2.4.

Figure 2.4 Schematic illustrating the diffraction of x-rays from the atoms at the surface
of the film during WAXD
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The scattering of x-UD\V FDQ EH GHVFULEHG PDWKHPDWLFDOO\ E\ %UDJJ¶V ODZ H[SUHVVHG LQ
Equation 2.7.

2 d sin

n

(2.7)

where d is the inter-planar spacing for a given set of planes (referred to as the d-spacing),
is the incidence angle of the x-rays,

is the wavelength of the x-rays, and n is an

integer referring to the order of reflection. The value of n is often equal to one (Silbey
DQG$OEHUW\ %UDJJ¶VODZSURYLGHVDVLPSOHPHDQVWRFRUUHODWHWKHLQFLGHQFHDQJOH
and wavelength of the x-ray beam to the inter-planar spacing between atoms.
A crystalline material has an ordered structure which describes how the atoms or
molecules are arranged within the crystal lattice. A unit cell is the basic building block of
a crystal and represents the simplest possible arrangement of atoms which can uniquely
define the structure (Callister, 2000). There are seven distinct crystal structures that a
material can take: cubic, hexagonal, tetragonal, rhombohedral, orthorhombic, monoclinic,
and triclinic (Callister, 2000; Suryanarayana and Norton, 1998). The orientation of planes
within a crystal is useful for understanding the WAXD results. The planes are uniquely
characterized by the Miller indices (hkl) (Callister, 2000). The Miller indices, along with
the d-spacing between planes, can be used to determine the dimensions of the unit cell of
the crystal structure (Sperling, 2001).
The diffractometer varies the incident angle of the x-ray beam systematically to
ensure all the angles at which diffraction can occur for a particular sample are exploited
during the experiment. A detector measures the intensity of the diffracted beams, and a
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plot of intensity versus 2 is created. If any crystal structure is present, a series of peaks
will be displayed in the graph due to diffracted beams from different lattice planes,
whereas an amorphous material will show a single broad peak centered within the 2
range where the strong peak for the crystalline material would be observed (Sperling,
2001; Suryanarayana and Norton, 1998). This provides the basis for how WAXD is used
to obtain the crystallinity. The ratio of the peak areas to the total area gives a measure of
the percent crystallinity of the sample. 8VLQJ %UDJJ¶V ODZ DQG WKH ZDYHOHQJWK RI WKH
radiation the d-spacing can be obtained, and subsequently, the unit cell parameters for the
crystal can be calculated.
In this study, a Scintag XDS 2000 Wide Angle Powder X-ray Diffractometer
equipped with Cu K-

radiation at a wavelength of 1.54 Å was used to perform the

experiments. The machine was operated at 40 kV and 40 mA with a collimator diameter
of 0.5 mm. Films 25 mm in diameter were scanned at 2 values from 5 to 45° at a rate
0.8° per minute. The crystallinity for each of the film samples is obtained by calculating
the ratio of the crystalline peak area, if one is present, to the total area under the curve.
The results were analyzed using the DMSNT software, version 1.37.

2.4.3 Tensile Testing
Polymers exhibit widely different mechanical properties depending on the
conditions at which they are processed and tested. A concept called time-temperature
equivalence states that increasing the strain rate has similar effects to decreasing the
temperature (Williams et al., 1955; Ferry, 1957). This is a result of changes in the
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relaxation time of a polymer with strain rate and temperature. Several methods exist to
determine the mechanical properties of the material including cyclic, impact, transient,
and static (Fried, 2002). In static testing, a constant deformation rate is applied to the
sample through various modes of deformation such as tension, compression, and shear
(Fried, 2002). Tensile testing provides one way to determine the mechanical properties of
a polymer and understand the stress-strain characteristics under deformation (Selke,
2004). In this technique, the film is deformed under tension at a constant rate, and the
force applied to the sample is measured as a function of the elongation.
A polymer can experience two types of deformation during the stretching process:
elastic and plastic. Elastic deformation is not permanent and can be reversed when the
stress is removed (Callister, 2000). In this mode of deformation, it is generally the tie
molecules or amorphous portions of the polymer that are stretched out and can relax back
to their original configuration (Callister, 2000). On the other hand, plastic deformation
permanently deforms the polymer and can only partially be recovered at elevated
temperatures or after long periods of time. When the material is plastically deformed, the
crystalline lamellae tilt, twist, and slip past one another as the tie molecules are extended
(Fried, 2002; Callister, 2000). With increasing deformation, some of the chains are
separated from the crystal structure and then align in the direction of the applied
deformation (Callister, 2000).
The initial slope of the stress-strain curve where the stress is linear to strain is
called the modulus and is where elastic deformation of the sample takes place. The
modulus provides a measure of the flexibility of the material. Beyond the elastic region,
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the point at which the stress and strain are no longer linearly related is referred to as the
yield point. At this yield point, the sample typically necks and plastic deformation occurs.
As this deformation point progresses along the sample, the load or stress remains
approximately constant with increasing strain. This region of the curve is called ductile
cold-drawing of the polymer (Kimmel, 2008). For some polymers, a strain is reached
where the stress begins to increase again with increasing strain. This is known as strain
hardening or strain orientation and is a result of formation of fibrils or highly oriented
polymer chains in the direction of deformation (Callister, 2000). Increased crystallinity
and orientation typically increases the strength of a polymer (Ram, 1997), which explains
the increase in stress with increasing strain in the strain hardening region.
Figure 2.5 displays representative stress-strain curves for brittle (a), ductile (b),
and rubbery (c) polymers. Brittle polymers will break while deformed elastically or soon
after plastic deformation begins. Ductile polymers exhibit elastic deformation initially,
which is followed by a yield point, plastic deformation, and sometimes a strain hardening
region. Rubbery polymers can be stretched up to very large strains at low stresses and
primarily consists of elastic deformation.
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Figure 2.5 Representative stress-strain curves for brittle, ductile, and rubbery polymers

The following describes some of the common mechanical properties obtained
WKURXJK WHQVLOH WHVWLQJ H[SHULPHQWV 7KH PRGXOXV JLYHV DQ LQGLFDWLRQ RI WKH PDWHULDO¶V
resistance to GHIRUPDWLRQ DQG WKH PDWHULDO¶V VWLIIQHVV 6HONH   $ KLJK PRGXOXV
indicates a stiffer material, while a low modulus means it is more flexible. The tensile
strength, sometimes called the ultimate strength, is the maximum stress the material can
withstand and is either located at the yield point or breaking point (Selke, 2004). The
break elongation or elongation-to-break is the strain at which the sample breaks and is
calculated by dividing the total deformation with the original length and converting to a
percent. The toughness of a material is a measure of the total energy that it can absorb
before breaking and is calculated as the area under the stress-strain curve (Selke, 2004).
A strong material does not necessarily mean that it is also tough. The procedure for
performing tensile tests is as follows:
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1.

Cut strips of film having a uniform width and thickness.

2.

Clamp the two ends of the film strip in the grips of the testing machine.

3.

Begin testing. The lower fixture moves down at a fixed deformation rate while
the upper fixture remains at its fixed position, thereby stretching the strip of
film uniaxially until it breaks. The force applied to the film as it is stretched is
measured by a transducer at the upper fixture and plotted versus distance
traveled by the lower fixture.

4.

Return the fixtures to the set gage length for the experiments after each trial.

5.

Calculate the strain by dividing the distance the lower fixture traveled by the
gage length. Calculate the stress by dividing the force by the cross-sectional
area of the film strip prior to testing.

In this work, tensile testing was carried out on films according to ASTM D882.
An ATS Universal Tensile Tester 900 was used to measure the mechanical properties of
the films at ambient conditions. Films 2 cm in width and 8 cm in length were cut from the
middle portion of the cast films. A gage length of 3 cm, crosshead speed of 0.5 in/min,
and 50 pound load was used for each sample. There was some film slippage from the
grips that caused a problem during some experiments. To counteract this, masking tape
was wrapped around the top and bottom portions of the sample to reduce the tendency of
LWWRVOLS)RUHDFKPDWHULDOILYHWULDOVZHUHUXQDQGDQDYHUDJH<RXQJ¶VPRGXOXVWHQVLOH
stress, and elongation-at-break was calculated from the resultant stress-strain
measurements.

2.4.4 Morphology
Studying the morphology of a polymer on a microscopic scale can be useful for
understanding and explaining the macroscopic properties of the material. Scanning
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electron microscopy (SEM) is a widely used method for examining the structure of
materials at a micro- and nano-scale. In this technique, an electron beam is scanned
across the surface of a material, and the back-scattered electrons are collected by a
detector (Von Ardenne, 1938; Goldstein et al., 2003). The detected electrons are
converted to a voltage that is translated into an image that corresponds to the topography
of the sample (Von Ardenne, 1938). SEM has a very large depth of field versus standard
optical microscopy and can create a three-dimensional representation of the surface
structure (Oatley, 1972; Goldstein et al., 2003). For example, at a magnification of 100x,
the SEM has a depth of field ~1 mm compared to ~1 m for the optical microscope
(Davis, 2005). The upper magnification limit for the SEM is ~500,000X while that for an
optical microscope is ~1000X (Goldstein et al., 2003). The depth of field is inversely
proportional to the magnification, so as the magnification is increased some of the depth
of field is lost (Goldstein et al., 2003; Davis, 2005). The spatial resolution of SEM is on
the order of 1-10 nm depending on the energy of the electron beam whereas the spatial
resolution of optical microscopy is ~300 nm (Goldstein et al., 2003; Williams and Carter,
1996).
Scanning electron microscopy (SEM) was performed using a Hitachi S4800 field
emission microscope operating at an accelerating voltage of 3 kV to examine the surface
of the films to determine how the PHA was dispersed in the PLA matrix. The films were
immersed in liquid nitrogen to induce a brittle fracture of the materials, and the samples
were coated with a thin layer (~4-5 nm) of platinum using a Hummer 6.2 sputter coater
prior to viewing.
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2.5 Uniaxial Stretching
Material properties can often be enhanced through orientaiton of a primary film.
This can be accomplished through either uniaxial or biaxial stretching processes. In the
uniaxial system the film is stretched in one direction, either in the machine direction or
transverse direction. The film is heated above the Tg (but below the Tc) prior to the
stretching step. The stretching process can result in stress-induced crystallization of the
polymer.
In this work, a biaxial stretcher designed for the Center for Advanced Engineering
Fibers and Films (CAEFF) was operated in uniaxial extension mode to stretch films
produced using the DSM Xplore system. This instrument is equipped with pneumatic
grips to clamp the films in place, an oven used to heat the film sample, two motors to
provide biaxial stretching, and a computer system that controls the distance and
stretching rate of the process. The machine before and after stretching a representative
film is depicted in Figure 2.6. The transparent film is outlined in red to illustrate the neckin effect that occurs in the uniaxial stretching.

(a)
(b)
Figure 2.6 View from the top of uniaxial stretching process before (a) and after (b) the
film is stretched
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The stretch ratio, oven temperature, and soak time prior to stretching were varied
in the various trials performed to determine the effects of each variable on the properties
of the stretched films. The film samples were cut to dimensions of 9 cm in length by 3 cm
in width. The thickness of the films varied slightly. Films were stretched in the machine
direction to stretch ratios of 2:1 (76 mm), 3:1 (152 mm), and 4:1 (228 mm). This was
performed at 60°C with a soak time of 3 minutes prior to stretching for most trials but
was increased to 100°C and 10 minute soak time to determine the effects of temperature
and soak time on properties, respectively. The stretching rate was determined to have
minimal effects on the properties so a rate of 10 mm/s was used for all trials. A minimum
of five trials was performed for each of the conditions being analyzed.
The polymer films were tested both before and after uniaxial orientation to
determine the effects of varying stretching conditions on the crystallinity and mechanical
properties of the films. X-ray diffraction was used to obtain a measure of the crystallinity,
while tensile testing was employed to measure the mechanical properties in this study.
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CHAPTER 3
INVESTIGATION OF THERMAL AND RHEOLOGICAL PROPERTIES

In this chapter, the thermal and rheological properties of the pure and blended
materials are presented. First, the thermal characteristics of the polymers are explained.
Next, the shear and extensional rheology results are discussed, followed by some high
shear rate rheological results. The viscosities of the pure and blended materials are then
modeled using several different equations to understand the rheological properties as a
function of frequency and PHA concentration in the blends. Finally, the degradation
properties of the polymers are presented as determined through the rheology experiments.

3.1 Thermal Characteristics of the Polymers
This section presents the thermal characteristics of the polymers, including the
glass transition temperature, crystallization temperature, and melt temperature. These
properties are critical in other areas of this dissertation, such as in the rheology and
processing of the polymers to be discussed later. In this work, differential scanning
calorimetry (DSC) is used to determine these thermal transitions.

3.1.1 Pure Polymer Thermal Characteristics
In this section, the thermal properties of the pure polymers as determined by DSC
are presented. The DSC thermograms for the unprocessed PLA and PHA materials are
shown in Figures 3.1 and 3.2, respectively. The polymers were heated from 30°C to
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190°C, and then cooled down to 30°C, at 20°C per minute. From the thermograph for
PLA, the Tg occurs at 65°C and the Tm peak is at 152°C. The thermographs for the PHA
samples are shifted up and down to display them on the same axes. In these
thermographs, there are two Tm peaks for each sample. The 5% HV, Figure 3.2 (a), has a
small peak at 153°C and a much larger, broader peak at 164°C. The 8% HV, Figure 3.2
(b), has peaks at 143°C and 157°C. The 12% HV, Figure 3.2 (c), has peaks at 142°C and
154°C. The double peak phenomenon has been described to be due to the melting of
crystals of different sizes (Gassner and Owen, 1996; Bloembergen et al., 1989). The peak
at a lower temperature corresponds to melting of imperfect crystals and smaller
crystallites with reduced thermal stability while the second peak results from melting of
larger and more-ordered crystallites (Gassner and Owen, 1996). It has also been
suggested that the two peaks are the result of secondary crystallization followed by the
melting of these crystals (Cyras et al., 2000). The Tg for the PHA polymers occurs below
ambient temperature, between -10° and 0°C, but is not shown on these plots. During the
cooling cycle, the 8% HV and 12% HV exhibit an exothermic crystallization peak T c at
97°C and 88°C, respectively, but neither the PLA nor the 5% HV displayed a Tc.
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Figure 3.1 DSC thermograph for PLA

Figure 3.2 DSC thermograph for PHB-HV (a) 5%HV, (b) 8%HV, and (c) 12%HV
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Table 3.1 provides a summary of the important features observed for the different
polymers investigated by DSC, including the glass transition temperature (Tg), melt
temperature (Tm), and crystallization temperature (Tc).
Table 3.1 Summary of DSC results for the pure materials
Sample
Tg (°C)
Tc (°C)
Tm (°C)
PLA
65
N/A
152
5% HV
8% HV

-10
-8

N/A
97

153, 164
143, 157

12% HV

-5

88

142, 154

3.1.2 Blended Polymer Thermal Characteristics
In this section, the impact on the thermal properties by varying the PHA content
in the blended systems will be presented. As discussed in Chapter 2, four different blend
concentrations were investigated along with the pure materials. These blends varied in
the concentration of the PHA material in the polymer matrix and consisted of 10, 20, 30,
and 50 weight percent PHA. The DSC thermograms for the 5% HV, 8% HV, and 12%
HV blends are displayed in Figures 3.3, 3.4, and 3.5, respectively. The thermographs are
shifted up and down to display the different blends on the same axes, with the 10, 20, 30,
and 50% corresponding to curves (a), (b), (c), and (d), respectively. The same
temperature profile was used for the blends as was used for the pure polymers: heat from
30°C to 190°C and cool to 30°C at 20°C per minute.
In the thermographs for the 5% HV blends (Figure 3.3), the Tg occurs at 65°C,
which is characteristic of the PLA in the blend. The Tg is more subdued as the PHA
content in the blend increases. The Tm peak is broad and has a primary peak at 152°C but
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DOVR KDV D ³VKRXOGHU´ SHDN DW & ZKLFK LV ZKHUH WKH  +9 VDPSOH H[KLELWHG LWV
primary melt peak in Figure 3.2 (a). The shoulder peak becomes more prominent as the
PHA content increases. As was the case for the pure polymers, the 5% HV blends did not
display a Tc as the sample was cooled from the melt.

Figure 3.3 DSC thermographs for 5% HV Blends (a) 10% PHA, (b) 20% PHA, (c) 30%
PHA, and (d) 50% PHA

In the thermographs for the 8% HV blends (Figure 3.4), the Tg occurs at 62°C,
which is close to the Tg of the PLA. As in the 5% HV blends, the Tg is more subdued as
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the PHA content in the blend increases and at 30% and 50% PHA is no longer visible in
the thermograph. The Tm peaks are broad, but unlike the 5% HV blends, the 8% HV
blends primarily display a single peak at 150°C. The 50% PHA blend displayed a
crystallization peak Tc at 94°C as the sample was cooled from the melt, which matches
up with that observed for the pure 8% HV sample.

Figure 3.4 DSC thermographs for 8% HV Blends (a) 10% PHA, (b) 20% PHA, (c) 30%
PHA, and (d) 50% PHA
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In the thermographs for the 12% HV blends (Figure 3.5), the Tg occurs at 63°C
for the 10% PHA and decreases with increasing PHA content to 57°C for the 50% PHA.
The reduction in the Tg does not follow the well-known Fox equation for miscible
polymer blends (Fox, 1956):

(3.1)

where wi is the weight fraction of polymer i and Tg,i is the Tg for polymer i. The decrease
in the Tg is most likely due to interactions between the amorphous and crystalline regions
in the blend or an increase in mobility resulting from the increase in PHA content as was
suggested in previous studies of PLA/PHA blends (Iannace et al., 1994; Zhang et al.,
1996; Cyras et al, 1999). The change in the Tg could also be due to an increase in the
interfacial adhesion between the PLA and PHA (Utracki, 2002; Ferreira et al., 2001).
Similarly to the 8% HV blends, the Tm peaks are broad and display a single peak at
approximately 150°C. The 50% PHA blend displayed a crystallization peak Tc at 91°C as
the sample was cooled, which corresponds reasonably with the peak observed for the
pure 12% HV sample.
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Figure 3.5 DSC thermographs for 12% HV Blends (a) 10% PHA, (b) 20% PHA, (c) 30%
PHA, and (d) 50% PHA

3.2 Shear Rheology
This section details the results from the shear rheology experiments. The
experiments include both rotational and capillary rheology. The rotational rheology
encompasses both dynamic frequency sweep experiments and steady state shear tests.
The rotational rheology experiments include results for all the pure materials as well the
polymer blends. The capillary rheology is presented only for the PLA because of the
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quantity of material needed to run the experiments, and also includes some novel
measurements performed on a modified injection molding machine. The pure polymer
results will be presented first. These will be followed by the results for each of the
blended systems, varying in the PHA copolymer material blended with the PLA. The
discussion will focus on the differences in the rheology due to varying the comonomer
content in the PHA materials as well as varying the PHA concentration in the polymer
blends.

3.2.1 Pure Polymer Shear Rheology
In this section, the shear rheology results will be presented for the pure materials.
As discussed in Chapter 2, the primary technique used to measure the shear viscosity of
the materials in this study is dynamic small amplitude oscillatory shear. Dynamic
frequency tests are performed rather than steady shear tests because of the thermal
degradation that occurs for PLA and PHA polymers when exposed to elevated
temperatures for an extended period of time (Albertsson and Varma, 2001, Asrar and
*UX\V  *UXEHU DQG 2¶%ULHQ  'DO\ HW DO  (LFNKRII   7KH
frequency sweeps are faster experiments to perform and, according to the Cox-Merz
Rule, provide similar information (Cox and Merz, 1958). The Cox-Merz rule states that
the frequency dependence of the complex viscosity is equal to the shear rate dependence
of the steady shear viscosity, where the frequency and shear rate are equal.
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3.2.1.1 Polylactic Acid (PLA)
The results for pure PLA will be presented first. In order to establish the validity
of the Cox-Merz Rule, steady state data is obtained over a range of shear rates for the
PLA at 175°C to compare to the frequency sweep data. The comparison of the steady
state and complex viscosities is shown in Figure 3.6.

Figure 3.6 PLA frequency sweep and steady state results at 175°C to show validity of
Cox-Merz rule

At the lower rates, there is very good agreement between the viscosities. However, at the
higher rates tested the steady shear viscosity is lower than the complex viscosity. The
variation between these two techniques has been observed before for other bio-based
polymers, and is at least partially linked to degradation of the material (Eickhoff, 2006;
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Daly et al., 2005). Generally, steady shear experiments using a rotational rheometer are
used to measure the shear viscosity at low shear rates and are typically only performed up
to a shear rate around 1.0-5.0 s-1 (Vlachopoulus and Strutt, 2003; Morrison, 2001). At
shear rates greater than 5.0 s-1, secondary flows and edge instabilities can occur, which
can make this method invalid due to the disruption of the simple shear flow assumption
(Vlachopoulus and Strutt, 2003; Morrison 2001). Dynamic frequency sweep experiments
still provide accurate data for the viscosity of a material up to 500 rad/s (s-1) or beyond
(Tatum, 2006; Vlachopoulus and Strutt, 2003). Other techniques such as capillary
rheology can also be used to obtain the steady shear rheology measurements at higher
shear rates.
The viscoelastic properties of the PLA 7000D at 175°C are shown in Figure 3.7.
,PSRUWDQW LQIRUPDWLRQ LQ WKLV JUDSK LQFOXGH WKH FRPSOH[ YLVFRVLW\ Ș  ]HUR-shear
YLVFRVLW\VORSHRIVKHDUWKLQQLQJUHJLRQVWRUDJHPRGXOXV *¶ ORVVPRGXOXV *¶¶ DQG
crossover frequency. The complex viscosity provides a measure of the shear viscosity
and is displayed over almost 4 decades of frequencies from 0.1 to 500 rad/s.
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Figure 3.7 PLA frequency sweep results at 175°C

At low frequencies, the viscosity is nearly independent of the frequency at a value around
6500 Pa-s. This is called the zero-shear viscosity ± Ș0 ± or Newtonian plateau. The value
IRUȘ0 (6500 Pa-s) is of the same order of magnitude as has been previously reported by
Dorgan and researchers for similar PLA materials (4000-6000 Pa-s at 180°C) (Dorgan et
al, 2000; Palade et al., 2001; Lehermeier and Dorgan, 2001). The slope of the shear
thinning region is often used to quantify the degree of shear thinning for different
polymers and can be determined from the simple Power Law model:

m  n -1
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(3.2)

where m is the consistency index, and n is the power law index or pseudoplasticity index.
Here, the value of n for the PLA at 175°C is 0.38 over a frequency range of 39.8-398
rad/s. Fang and Hanna (1999) calculated a power law index of 0.30 for PLA at a
temperature of 170°C. The storage modulus defines the ability to store energy and
provides a measure of the elastic character of the material, whereas the loss modulus
GHILQHV WKH PDWHULDO¶V DELOLW\ WR ORVH HQHUJ\ DQG SURYLGHV D PHDVXUH RI WKe viscous
character of the fluid. The observed behavior for the PLA is typical in that the viscous
QDWXUH LV GRPLQDQW DW ORZ IUHTXHQFLHV LH *¶¶ ! *¶  DQG WKH HODVWLF FKDUDFWHULVWLFV DUH
GRPLQDQW DW KLJK IUHTXHQFLHV LH *¶ ! *¶¶  7KH FURVVRYHU IUHTXHQcy can be used to
determine a characteristic relaxation time of a polymer by taking the inverse of the
crossover frequency, based on the generalized linear viscoelastic (GLVE) and Maxwell
models (Morrison, 2001). For the PLA, the crossover frequency is approximately 100
rad/s, which corresponds to a characteristic relaxation time of 0.01 s. The relaxation time
of a material is important in rheology and processing because it provides a time scale for
how long it takes to relax after a deformation or stress is applied (Morrison, 2001).
Another method for determining the relaxation time takes the inverse of the frequency
where the onset of shear thinning occurs. By this method, a characteristic relaxation time
for the PLA is determined to be 0.2 s. The difference observed between the relaxation
times calculated by these two techniques is partially due to the method by which the
YDOXHV DUH GHWHUPLQHG 7KH LQWHUVHFWLRQ RI *¶ DQG *¶¶ LV PRUH FOHDUO\ GHILQHG WKDQ WKH
onset of shear thinning, where the onset point is subjective depending on where one
defines the beginning of shear thinning. Some papers claim the inverse of the onset of
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shear thinning estimates the characteristic longest relaxation time for the polymer
(Mandare and Winter, 2006; Elmoumni et al., 2003; Morrison, 2001). The relaxation time
for polypropylene was found to be 8 times higher calculated from the onset of shear
thinning frequency than from the crossover frequency (Elmoumni et al., 2003). The
relaxation times calculated in this work for PLA are comparable to time scales observed
in previous studies. The crossover frequency for PLA typically ranges between 60-200
rad/s, which corresponds to relaxation times of 0.005-0.0167 s (Ramkumar and
Bhattacharya, 1998; Cooper-White and Mackay, 1999; Dorgan et al, 2000; Palade et al.,
2001; Lehermeier and Dorgan, 2001). The onset of shear thinning ranges between 3-10
rad/s, which corresponds to relaxation times of 0.1-0.33 s (Ramkumar and Bhattacharya,
1998; Cooper-White and Mackay, 1999; Dorgan et al, 2000; Palade et al., 2001;
Lehermeier and Dorgan, 2001).
Due to the thermal degradation that occurs for these polymers when exposed to
elevated temperatures for long periods of time, low shear rates and frequencies were not
probed in this work. This limitation was overcome by using time-temperature
superposition (TTS) in which the data is expanded to higher and lower frequencies, often
increasing the frequency range several orders of magnitude. The experiments were
conducted at various temperatures ranging from 130°C to 260°C, and the resultant
complex viscosity data is displayed in Figure 3.8.
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Figure 3.8 PLA complex viscosity results at temperatures ranging from 130-260°C

Over the 130°C difference in temperature, the zero-shear viscosity decreases by
almost 3 orders of magnitude from approximately 100,000 Pa-s to 100 Pa-s. Viscosity is
a strong function of temperature, and the temperature dependence of the zero-shear
viscosity was determined to follow an Arrhenius exponential relationship given by
Equation 3.3 (Morrison, 2001).

(3.3)

where T is the temperature in Kelvin, and A and B are constants that vary for different
materials. Linearization of this equation provides a method for determining A and B:
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(3.4)

This variation of viscosity with temperature has major implications for the film casting
because the viscosity will change significantly in areas of the process where the
temperature changes such as at the die and in the region between the die and the air knife.
The zero-shear viscosity at each of the temperatures was determined from Figure
 DQG WKH UHVXOWDQW SORW RI OQ Ș0 versus 1/T is shown in Figure 3.9. Using the linear
trendline, the values of A and B are calculated to be 1.887x10-7 Pa-s and 10,950 K,
respectively. The parameter B is related to the activation energy (Ea) for viscous flow of a
material by the relation B = Ea/R, where R is equal to the universal gas constant 8.314
J/mol-K. Using this expression gives a value for Ea of 91 kJ/mol. Values reported in the
literature for the activation energy for viscous flow of PLA range between 80-85 kJ/mol
(Cooper-White and Mackay, 1999; Lehermeier and Dorgan, 2001), which provide good
agreement to the value reported here.
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Figure 3.9 Linearized Arrhenius relationship between zero-shear viscosity and
temperature over range from 130-260°C

The TTS was performed using the data at 190°C as the reference set since it was
the extrusion temperature used in the processing of the materials and was also the median
temperature investigated in the rheology experiments. In this method, a time shifting
parameter aT(T) is defined which represents the temperature dependence of the relaxation
times and provides a measure of the distance and direction the data at a given temperature
(T) is shifted compared to the data at the reference temperature (Tref) (Morrison, 2001).
For temperatures close to the Tg of the polymer, aT follows the Williams-Landel-Ferry
(WLF) Equation (Williams et al., 1955):
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(3.5)

where C1 and C2 are model parameters. For temperatures much greater than the Tg, most
polymers exhibit an Arrhenius dependence for aT (Morrison, 2001):

(3.6)

where R is the universal gas constant, Ea is the activation energy for flow, and the
temperatures are in Kelvin. The values for aT are plotted versus temperature in Figure
3.10.

Figure 3.10 TTS shift parameters aT versus temperature for PLA
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The master curve of reduced complex viscosity as a function of the reduced frequency is
displayed in Figure 3.11 at a reference temperature of 190°C. Compared to the original
plots in Figure 3.8, the frequency range has been expanded by over a decade in both
directions, which provides a better picture of the zero-shear viscosity and shear thinning
behavior.

Figure 3.11 Master curve of complex viscosity for PLA as a function of reduced
frequency aTȦ
For the PLA samples, some capillary rheology experiments were performed on a
capillary rheometer and a modified FANUC injection molding device. The data is
corrected using both the Bagley and Weissenberg-Rabinowitsch corrections (Bagley,
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1957; Weissenberg and Rabinowitsch, 1929). The corrected capillary results are plotted,
along with the dynamic results at the same temperatures, in Figure 3.12. The data does
not align perfectly at the corresponding temperatures but does provide a representation of
the rheological properties at the high shear rates investigated. The capillary results at
180°C are the closest to the dynamic results whereas those at 190°C and 200°C are
considerably different. Similar behavior has been observed before for other PLA
materials where the capillary results do not overlap exactly with the rotational results
(Ramkumar and Bhattacharya, 1998). This difference could be due to thermal and
mechanical degradation of the material at these temperatures (Albertsson and Varma,
 $VUDU DQG *UX\V  *UXEHU DQG 2¶%ULHQ  'DO\ HW DO  (LFNKRII
2006). The difference could also be explained by viscous heating effects. The shearing
forces at the high shear rates generate substantial amounts of energy that are dissipated as
heat within the material (Cox and Macosko, 1974; Denn, 1981; Hay et al., 2000; Lawal &
Kalyon, 1997; Migler and Bur, 1998). This viscous dissipation can lead to drastic
temperature rises of the polymer, which can lead to degradation and significantly change
the properties of the material ± especially the viscosity (Capone et al., 2007; Lawal and
Kalyon, 1997; Sombatsompop and Chaiwattanpipat, 2000).
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Figure 3.12 Capillary and dynamic rheology results for PLA at 180, 190, and 200°C

The viscosity data from the FANUC is displayed in Figure 3.13 along with the
capillary results. The results from the capillary rheometer overlap reasonably well with
the results from the modified injection molding machine, which confirm these
measurements are accurate representations of the shear viscosity at high shear rates. The
results suggest that the shear viscosity for PLA could be modeled using a simple model
such as the Power Law over a wide range of shear rates from 100 to 10 6 s-1. At a
temperature of 180°C, a power law index of 0.23 in that region can be calculated. This
value is a little lower than the value reported earlier of 0.38 at 175°C over the frequency
range of 39.8-398 rad/s, but it incorporates a much broader range of shear rates and
provides a better depiction of the entire shear thinning regime. Above a shear rate of 106
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s-1, the shear viscosity potentially begins to plateau to a constant value. This suggests that
the material shows decreasing pseudoplastic behavior and may be approaching a second
Newtonian plateau region. The second Newtonian region is consistent with what other
researchers have seen for conventional polymer systems such as polypropylene,
polystyrene, and poly(methyl methacrylate) (Benhadou et al., 2007; Kelly et al., 2009;
Takahashi et al., 1985). This transition away from shear thinning behavior depends on the
structure of the polymer and occurs at increasing shear rates as the structure becomes
more complex (Kelly et al., 2009). In a study by Dorgan and researchers (2005), a TTS
master curve was constructed for an amorphous PLA sample synthesized in their lab
(Mw=570 kDa, PDI=1.62) at a reference temperature of 180°C using dynamic frequency
sweep experiments conducted at temperatures ranging from 60 to 180°C. The master
curve for viscosity spanned 14 decades of frequencies and a 2nd Newtonian plateau was
predicted at a frequency of approximately 107 rad/s with a viscosity of approximately 0.1
Pa-s (Dorgan et al., 2005), which is comparable to the values reported in this study from
the high shear measurements.
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Figure 3.13 High shear rheology results for PLA at 200°C on the Capillary and FANUC

The dynamic SAOS, capillary, and injection molding experiments enabled the
viscosity to be measured over a wide range of shear rates. The combined results from
these tests are shown in Figure 3.14. There is reasonable agreement among the different
methods.
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Figure 3.14 Shear viscosity versus shear rate for pure PLA at 180-200°C

3.2.1.2 Polyhydroxyalkanoates (PHAs)
In this section, the shear rheology of the pure poly(3HB-co-3HV) polymers is
presented. The complex viscosity of the PHA materials is shown in Figure 3.15 at a
temperature of 175°C. The zero-shear viscosity of these polymers increases with
increasing HV content, from 70 Pa-s to 300 Pa-s to 500 Pa-s.
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Figure 3.15 Comparison of complex viscosity for the poly(3HB-co-3HV) materials at
175°C

An increase in viscosity with increasing HV content has been observed by other
researchers studying the rheology of poly(3HB-co-3HV) materials (Choi et al., 1999).
The degree of shear thinning is similar for these materials with values of the power law
index n equal to 0.63 ± 0.04 for the 5, 8, and 12% HV polymers. The power law index for
pure polyhydroxybutyrate (PHB) was determined to be 0.60 in other studies (Yamaguchi
and Arakawa, 2006; Park et al., 2001).
An increase in viscosity is largely due to an increase in the molecular weight of
the polymer. The weight average molecular weight of the PHAs was determined based on
the zero-shear viscosities in Figure 3.15 using Equation 3.7 developed for a 5% HV
poly(3HB-co-+9 FRSRO\PHURIYDU\LQJPROHFXODUZHLJKWV '¶+DHQHHWDO 
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(3.7)

The expected values for the weight average molecular weight based on the zero-shear
viscosity were calculated to be 100, 154, and 179 kDa for the 5, 8, and 12% HV,
respectively. Equation 3.7 also provides a method to predict the change in molecular
weight that occurred during extrusion and during the degradation rheology experiments
discussed later in the chapter. Another factor which may contribute to the greater
viscosity observed is an increase in the elasticity of the polymers with increasing HV
content (Choi et al., 1999; Bluhm et al., 1986; Wolf, 2005; Bhattacharya et al., 2005;
Asrar and Gruys, 2001). As the HV comonomer content increases, the copolymer
displays more rubbery and elastomeric properties (Wolf, 2005; Bhattacharya et al., 2005).
This increased elasticity would result in more resistance of the polymer to flow when
subjected to shear or extensional forces.
The storage and loss moduli of the PHA materials at a temperature of 175°C are
VKRZQLQ)LJXUH$FFRUGLQJWRWKHJHQHUDOL]HG0D[ZHOOPRGHO*¶VFDOHVZLWKȦ2 at
ORZIUHTXHQFLHVZKLOH*¶¶VFDOHVZLWKȦ 0RUULVRQ ,Q)LJXUHWKHVROLGOLQHV
correspond to a slope of 1 while the dotted lines correspond to a slope of 2, and illustrate
the typical scaling of the moduli with frequency in the terminal region.
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Figure 3.16 Comparison of moduli ± *¶DQG*¶¶± for the poly(3HB-co-3HV) materials
at 175°C
7KHYDOXHVRI*¶DQG*¶¶DWDSDUWLFXODUIUHTXHQF\LQFUHDVHZLWKLQFUHDVLQJ+9FRQWHQW
The increase in moduli is also believed to be the result of an increase in molecular weight
with increasing HV content and greater elasticity of the 3HV comonomer (Choi et al.,
1999; Bluhm et al., 1986; Wolf, 2005; Bhattacharya et al., 2005; Asrar and Gruys, 2001).
The polymers display more rubbery properties with increasing HV content (Wolf, 2005;
BhattacKDU\DHWDO $WWKHKLJKHUIUHTXHQFLHVWKH*¶DQG*¶¶FXUYHVIRUWKHWKUHH
materials approach one another due to the similarity in structure of the polymers
(Ramkumar and Bhattacharya, 1998). At high frequencies, the moduli are less sensitive
to polymer molecular weight and minor variations in the structure (Cifre et al., 2004). At
KLJK HQRXJK IUHTXHQFLHV WKH FXUYH IRU *¶ UHDFKHV D UXEEHU\ SODWHDX ± not achieved in
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Figure 3.16 ± ZKHUH *¶ LV LQGHSHQGHQW RI PROHFXODU ZHLJKW GXH WR SRO\PHU FKDLQ
entanglement (Dealy and Wissbrun, 1999).
7KH FURVVRYHU IUHTXHQF\ ZKHUH *¶ DQG *¶¶ LQWHUVHFW ZDV XVHG WR GHWHUPLQH D
characteristic relaxation time of the PHA polymers from the inverse of the crossover
frequency. The crossover frequency was observed to decrease with increasing HV
content from 550 to 400 to 300 rad/s for the 5, 8, and 12% HV polymers, respectively.
These frequencies correspond to an increase in characteristic relaxation time from 0.0018
to 0.0025 to 0.0033 s, which was expected based on the calculated increase in molecular
weight with increasing HV content. Shorter characteristic relaxation times were observed
for the PHA copolymers than for the PLA (0.01 s) due to the differences in the
viscoelastic characteristics of the polymers. The lower relaxation time can be attributed to
the greater viscous character of the PHA materials which enables the polymer chains to
UHOD[ PXFK PRUH UDSLGO\ ZKHQ VXEMHFWHG WR D VWUHVV WKDQ IRU WKH 3/$ '¶+DHQH HW DO
1999; Ramkumar and Bhattacharya, 1998) as well as to a lower molecular weight for the
PHA materials than for the PLA (Mw=210 kDa). The onset of shear thinning for the 5, 8,
and 12% HV appear to take place at 150, 50, and 40 rad/s, respectively, which
correspond to characteristic relaxation times of 0.0067, 0.02, and 0.025 s.
The characteristic relaxation times predicted here agree favorably with time scales
observed in other studies. The crossover frequency for PHA materials similar to these
polymers range between 150-300 rad/s, which correspond to relaxation times of 0.00330.0067 s (Ramkumar and Bhattacharya, 1998; Park et al., 2001). The onset of shear
thinning ranges between 10-20 rad/s, which corresponds to relaxation times of 0.05-0.10
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s (Ramkumar and Bhattacharya, 1998; Chen et al., 2008). Although the relaxation time
from the onset of shear thinning is different than that calculated from the crossover
frequency, the larger discrepancy can be explained by the difference in the two methods
for characterizing the relaxation time. The techniques represent different ways to
determine a characteristic time scale of a polymer.
The complex viscosity for the 5, 8, and 12% HV samples over a range of
temperatures is displayed in Figure 3.17. The viscosity decreases with increasing
temperature over the 15°C variation in temperature. At higher frequencies, the complex
viscosities at the varying temperatures approach one another. This is due to an increase in
the onset frequency of shear thinning with increasing temperature and a decrease in
relaxation time with increasing temperature. A slight drop in the viscosity at low
frequencies was observed for the 8 and 12% HV samples. This decrease in viscosity is
caused by thermal degradation of the material that occurs during the testing at the lower
frequencies due to the longer amount of time required to collect the data and therefore a
longer exposure to the high temperatures (Harrison and Melik, 2006; Melik, 1998). The
decrease in viscosity became more pronounced as the temperature increased which is
consistent with the samples undergoing thermal degradation.
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(a)
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(b)

(c)
Figure 3.17 Poly(3HB-co-3HV) frequency sweep results at varying temperatures for (a)
5, (b) 8, and (c) 12% HV

A comparison of the complex viscosity for all the pure polymers, at a temperature
of 175°C, is shown in Figure 3.18. As can be seen in the plot, the PLA has a significantly
greater viscosity than the PHA materials, which is consistent with the relaxation time
being higher for the PLA. Again, the difference in viscosity can be explained by a larger
molecular weight of the PLA versus the PHA materials.

93

Figure 3.18 Comparison of complex viscosity for the pure materials at 175°C

By blending the PHA with the PLA, the rheological properties can be easily manipulated.
By adjusting the concentration of the two materials in the blend, the viscosity can be
controlled to improve the performance in different applications. For example, lower
viscosity materials work better in injection molding applications (Cogswell, 1981; Baird
and Collias, 1995), which can be achieved at larger PHA concentrations. On the other
hand, greater elasticity and viscosity are required in blown film applications (Cogswell,
1981; Baird and Collias, 1995), so lower PHA concentrations would be needed. The
effects of blending PLA and PHA will be discussed in the following section.
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3.2.2 Blended Polymer Shear Rheology
In this section, the impact on the shear rheology by varying the PHA content in
the blended systems will be presented. The blends were prepared as described in section
2.1.1 with 10, 20, 30, and 50 weight percent PHA added to the PLA. The results for these
blends are compared to the pure polymer results to identify the effects of blending each
of the different PHA materials with the PLA.
The complex viscosities of the blended materials at 175°C with the 5, 8, and 12%
HV PHA samples are shown in Figure 3.19 (a), (b), and (c), respectively. Among the
three samples, the blends containing 12% HV display the largest viscosities. This is
largely the result of the greater complex viscosity of the pure 12% PHA. As discussed in
the previous section, the increase in viscosity is mostly due to the larger molecular weight
of the PHA materials with increasing HV content along with the greater elasticity for the
HV comonomer partially contributing to the higher viscosity (Choi et al., 1999; Bluhm et
al., 1986; Wolf, 2005; Bhattacharya et al., 2005; Asrar and Gruys, 2001).
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(a)

(b)
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(c)
Figure 3.19 Comparison of complex viscosity for blended materials at 175°C with (a) 5,
(b) 8, and (c) 12% HV PHA samples

The greater viscosities of the blends containing the 12% HV polymer could also be a
result of a stronger interfacial adhesion between the PLA and PHA as compared to the 5
and 8% HV polymers. The degree of adhesion between two components is known to
have a great effect on the properties of the blend, especially properties like viscosity and
the mechanical properties (Nielsen, 1978; Utracki, 2002). This hypothesis will be
investigated using one of the models discussed in the following section (Frankel and
Acrivos, 1970). As was shown in Section 3.1.2 in the DSC thermograms for the various
blends, the 12% HV blends were the only PHA samples that resulted in any significant
changes in the Tg for the blends, which could indicate greater interfacial adhesion of the
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two polymers. This can result in a greater viscosity because the blended materials with
the 12% HV PHA are held together by a stronger bond than the blends containing the 5
and 8% HV. Therefore, the lower viscosity of the PHA compared to that of the PLA does
not have as strong an impact on the flow behavior of the 12% HV blends (Utracki, 2002).
For each of the different PHAs, the viscosity of the blends decreased with
increasing PHA concentration in the blend. Comparing the PLA/PHA blends, the 10 and
20% PHA blends showed similar behavior in the rheological data among the three PHA
copolymers. For each PHA copolymer, the most significant decrease in viscosity was not
observed until the concentration reached 30 or 50% PHA. This indicates that there is a
maximum loading capacity of PHA within the blend before the viscosity begins to more
closely resemble the flow behavior of the PHA rather than the PLA. The composition of a
polymer blend has a large influence on the viscosity of the resulting composite material
(Utracki, 1991; Utracki, 2002). An inversion point at which the viscosity dependence of
the blend changes from resembling one component versus the other is observed in most
polymer blend systems and depends on the particular system being investigated (Utracki,
1991). For example, the inversion point can vary between volume fractions of 0.30 LDPE
in a PP/LDPE blend up to 0.75 PS in a PMMA/PS blend (Utracki, 1991).

3.3 Modeling the Shear Rheology of the PLA-PHA Blends
This section presents the results and discussion from the constitutive modeling of
the rheological behavior of the PLA-PHA blends. First, the shear viscosity of the pure
materials is fitted to constitutive equations to model the complex viscosity as a function
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of frequency. Then, the shear viscosity results of the blends are modeled in order to
investigate model parameters as a function of PHA material and concentration in the
blend. In this work, the model parameters are determined based on a least squares
regression fitting of the predicted values to the experimental data.

3.3.1 Modeling of the Pure Polymer Shear Rheology
This section presents the modeling of the shear viscosity for the pure materials.
The Carreau and Giesekus models are used to predict the rheology of these materials
(Carreau, 1968; Giesekus, 1982). These models were chosen because they capture both
the zero-shear viscosity and the shear thinning regions, and are commonly employed in
continuum-level finite element simulations of polymer processing.
The Carreau model has three parameters to manipulate and is given by Equation
3.8 (Carreau, 1968):

(3.8)
ZKHUHȘ0 is the zero-VKHDUYLVFRVLW\ȜLVDFKDUDFWHULVWLFUHOD[DWLRQWLPHWKDWUHIOHFWVWKH
onset frequency of shear thinning, and n is a model parameter that affects the slope of the
shear thinning region. The shear viscosity data for the pure polymers at 175°C with the
predictions from the Carreau model are displayed in Figure 3.20. The model gives good
representations of the complex viscosity over the frequency range of the experimental
data. The variable model parameters ± Ș0ȜDQGQ± obtained in fitting the experimental
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shear data are shown in Table 3.2 along with the values for the Power Law index and
relaxation time determined experimentally.

Figure 3.20 Carreau model predictions of the complex viscosity for the pure materials at
175°C

Table 3.2 Carreau model parameters for the pure materials at 175°C (unless noted
otherwise) and comparison to experimental Power law index and relaxation time
Sample
Ș0
Ȝmodel
nmodel
Ȝmeasured
nmeasured
PLA
6500
0.09
0.41
0.2
0.38
5% HV
63
0.008
0.57
0.0067
0.60
8% HV
265
0.019
0.62
0.02
0.64
12% HV
490
0.027
0.56
0.025
0.67
12% HV
1050
0.040
0.42
0.05
0.46
(160°C)
12% HV
695
0.035
0.49
0.033
0.52
(170°C)
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The model parameters agree favorably to the values reported in Section 3.2.1 for
the Power Law index and characteristic relaxation time ± calculated from the onset of
shear thinning ± as expected. The Power Law index represents the slope of the shear
thinning region for a particular fluid, where the slope is less steep as n increases. As
shown in Table 3.2, the values of n used in the Carreau model for the various materials
are similar to those determined for the Power Law index since this parameter also
GHVFULEHVWKHVORSHRIWKHVKHDUWKLQQLQJUHJLRQ7KHYDOXHVXVHGIRUȜLQWKHPRGHODOVR
correspond well to the characteristic relaxation times determined earlier from the onset of
shear thinning. The shear viscosity data for the pure polymers was also modeled at
temperatures of 160°C and 170°C. The parameters used in the Carreau model to fit the
data for the pure 12% HV sample at the three temperatures are listed in Table 3.2 along
with comparisons to experimentally determined values for n and Ȝ. The increase in
temperature has the most significant impact on the zero-shear viscosity in the model. As
mentioned previously, the zero-shear viscosity is a strong function of temperature and
IROORZV DQ H[SRQHQWLDO $UUKHQLXV UHODWLRQVKLS 7KH SDUDPHWHU Ȝ ZDV IRXQG WR GHFUHDVH
with increasing temperature. The decrease in relaxation time with increasing temperature
is due to the increased mobility of the polymer chains with increasing temperature
(Morrison, 2001). The increased mobility results in the extension of the Newtonian
plateau to higher frequencies and therefore the onset of shear thinning occurs at greater
frequencies corresponding to a lower relaxation time with increasing temperature in the
measured experimental results (Morrison, 2001). We find that n increased with increasing
temperature. This corresponds to a decrease in the slope of the shear thinning region with

101

increasing temperature, which was observed in the measured experimental results as well.
The lower degree of shear thinning with increasing temperature is also caused by the
increased mobility of the polymer chains and extended Newtonian plateau (Morrison,
2001). Similar trends have been observed in the variation of the Carreau model
parameters with temperature for other materials (Tarrega et al., 2005; Carreau, 1968; Bird
and Carreau, 1968; Park et al., 2001).
The Giesekus constitutive model was also used to predict the viscoelastic
properties of the pure polymers and is given by Equation 3.9 (Giesekus, 1982; Bird et al.,
1987; Morrison, 2001):

0



(3.9)

0

ZKHUHȘ0 is the zero-VKHDUYLVFRVLW\ȜLV WKHUHOD[DWion time, and Į is a mobility factor
that is related to the drag encountered by the polymer chains during flow (Giesekus,
1982; Morrison, 2001). The Giesekus model shown in Equation 3.9 may be solved
analytically to obtain an expression for the viscosity under simple shear flow. The
expression for the viscosity can then be used to model the experimental viscoelastic data.
The derived Giesekus model for the shear viscosity is represented by Equation 3.10, with
parameters needed to use this expression defined in Equation 3.11:

(3.10)
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(3.11)

where

In Equations 3.10 and 3.11, Ȝ1 and Ȝ2 are the relaxation time and retardation time,
respectively, and the other parameters are as previously defined. The retardation time is a
time scale that describes the buildup of stress in a fluid in contrast to the relaxation time
which refers to a time scale for the relaxation of stress in a fluid (Morrison, 2001). In the
Giesekus model, Ș0 is taken as the same values used earlier in the Carreau model while
WKH RWKHU SDUDPHWHUV DUH GHWHUPLQHG XVLQJ SORWV RI *¶ *¶¶ DQG Ș*. For the Giesekus
modeO*¶DQG*¶¶DUHJLYHQE\(TXDWLRQVDQGUHVSHFWLYHO\ %LUGHWDO 

(3.12)

(3.13)
$IWHUȜ1 DQGȜ2 were determined, then the viscosity was modeled using Equations
3.9 and 3.10. The complex viscosity data for the pure polymers at 175°C with the curves
from the Giesekus model are displayed in Figure 3.21. The Giesekus model also provides
a good prediction of the experimental data over the frequency range examined. The
variable parameters ± Ȝ1Ȝ2, and Į ± obtained in modeling the experimental shear data are
shown in Table 3.3.
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Figure 3.21 Giesekus model predictions of the complex viscosity for the pure materials
at 175°C

Table 3.3 Giesekus model parameters for the pure materials at 175°C
Ș0
Ȝ1
Ȝ2
Į
Sample
6500
0.1000
0.35
PLA
0.0026
63
0.0065
0.12
5% HV
0.0014
265
0.0180
0.18
8% HV
0.0010
490
0.0300
0.26
12% HV
0.0008

Similar to the Carreau model, the relaxation times for the Giesekus model agree
favorably to the values reported in Section 3.2.1 calculated from the onset of shear
thinning, as expected. The retardation times are small and tend to decrease slightly with
increasing HV content, which indicates that stress builds up more easily in the 5% HV
copolymer than in the 12%. The mobility factor Į ± which is related to the drag
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encountered by the polymer chains during flow ± increases with increasing HV content in
the PHA copolymers. The increase in Į with increasing HV content is due to a greater
resistance to flow for the PHAs with increasing HV comonomer content (Choi et al.,
1999; Bluhm et al., 1986; Wolf, 2005; Asrar and Gruys, 2001). The increased drag is also
a result of the higher molecular weight and greater content of the longer HV comonomer
which restricts movement within the polymer structure (Asrar and Gruys, 2001).

3.3.2 Modeling of the Polymer Blend Shear Rheology
This section presents the modeling of the shear viscosity for the blended
materials. The models predict the blend viscosity using a combination of the pure
polymer viscosities, the volume fraction of each component in the blend, and model
fitting parameters. Several models were examined in this study to determine which one
best predicts the impact of the various PHA concentrations on the viscosity of the blends.
The blend prediction models examined in this study included simple models such
as the linear mixing rule, reciprocal-linear mixing rule, and the log-linear mixing rule as
well as more complex models such as the Takayanagi model, Nielsen model, and
Frankel-Acrivos model (Takayanagi et al., 1963; Nielsen, 1974; Frankel and Acrivos,
1970; Utracki, 2002; Grizzuti et al., 1999; Iannace et al., 1994). These models were
originally developed for analyzing the mechanical properties of blends such as the moduli
but have also been extended to apply to the viscosity of blends (Nielsen, 1978; Van Oene,
1978; Utracki, 2002; Grizzuti et al., 1999). The viscosity used in the models can either be
the zero-shear viscosity or the viscosity as a function of frequency or time (Utracki, 2002;
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Grizzuti et al., 1999). The models chosen varied in their degree of complexity to
determine the least complicated equation that still accurately fits the blend viscosity data
(Grizzuti et al., 1999)
The simplest of all the blend models is the linear mixing rule or rule of mixtures
(Utracki, 2002; Grizzuti et al., 1999). This model treats the blend as a parallel system in
which the properties of the blend are a linear combination of those for each component,
proportional to its concentration. The linear mixing rule regards the blend components as
being perfectly compatible with one another and only works well when the viscosities of
the two materials are of similar magnitudes (Biresaw and Carriere, 2004). The model
takes the form shown in Equation 3.14:

(3.14)

Several variations of the linear mixing rule have been suggested to provide more
accurate predictions of the blend viscosity when the linear mixing rule does not apply.
These models include the reciprocal-linear and the log-linear mixing rules (Van Oene,
1978; Grizzuti et al., 1999). These models work well for blend systems where the
viscosities of the pure components differ by several orders of magnitude because they
place less weight on the greater viscosity component and allow for more fluctuation in
the viscosities between the blends (Grizzuti et al., 1999). The reciprocal-linear and loglinear models are represented by Equations 3.15 and 3.16, respectively:

(3.15)
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(3.16)

Other empirical models have also been developed that contain model parameters
which can be fitted to match the predictions from the models to the experimental data.
These models include the Takayanagi (Takayanagi et al., 1963), Nielsen (Nielsen, 1974),
and Frankel-Acrivos (Frankel and Acrivos, 1970) models, which are given by Equations
3.17, 3.18, and 3.19, respectively. The Takayanagi model assumes that the multiphase
blend is represented by a composite system that can be modeled using a combination of
springs in series and parallel (TakayDQDJLHWDO 7KHPRGHOXVHVWKHSDUDPHWHUĮ
DVDFRXSOLQJSDUDPHWHUWRDFFRXQWIRULQWHUDFWLRQVEHWZHHQWKHWZRSRO\PHUV,IĮ WKH
blend behaves as a parallel system whereby the two polymers do not interact with each
other, and the linear mixing UXOH LV UHFRYHUHG 7DND\DQDJL HW DO   ,I Įĺ WKH
blend behaves as a series in which the two polymers are completely adhered to one
another, and the reciprocal-linear model is recovered (Takayanagi et al., 1963).

(3.17)

The Nielsen model is a generalized model that is commonly used to predict the
properties of blends made up of two separate or discrete continuous phases (Nielsen,
1978; Grizzuti et al., 1999). The parameter n is used as a fitting parameter and represents
the deviation from ideality or deviation from the linear mixing rule (Nielsen, 1974). The
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value for n ranges from -1 to +1, and is dependent on the materials being studied and the
property being modeled (Nielsen, 1978). For n=1, the linear mixing rule is recovered
from this general model. For n=-1, the reciprocal-OLQHDUPRGHOLVUHFRYHUHG)RUQĺWKH
log-linear model is obtained (Nielsen, 1978).

(3.18)

Although the one parameter Takayanagi and Nielsen models were found to
predict the trends in the shear rheology reasonably well, they were unsuccessful at
predicting the degradation behavior of the blends. This is due to the fact that they do not
account for the blend morphology or interactions between the blend components.
Therefore, another model which incorporates the structure and coupling of the materials
was examined. Models where the morphology and interactions are considered in more
detail include the Frankel-Acrivos (Frankel and Acrivos, 1970), Doi-Ohta (Doi and Ohta,
1991), Choi-Schowalter (Choi and Schowalter, 1975), and Palierne (Palierne, 1990)
models. The model selected to be used was the Frankel-Acrivos (F-A) equation since the
required variables in the model were already known from experimental data. The F-A
equation was originally developed for a dilute emulsion of deformed Newtonian droplets
within a Newtonian matrix (Frankel and Acrivos, 1970); however, it has subsequently
been applied to polymer blends as well (Rust and Manga, 2002; Grizzuti et al., 2000).
The model includes the interfacial tension, which allows the interactions between the
PLA and PHA to be taken into account. It also requires the droplet radius of the dispersed
phase because the agglomeration of particles strongly influences the viscosity (Nielsen,
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1978). The F-A model is given by Equation 3.19, along with the parameters needed to
evaluate this expression shown in Equation 3.20 (Frankel and Acrivos, 1970):

m

=
1+

2

m

R

1

2

2

5p 2
2p 2

2

m

R

2

2 1

5p 2
2p 2

19 p 16
2 p 1 2p 1

(3.19)

(3.20)

ZKHUH ı LV WKH LQWHUIDFLDO WHQVLRQ 5 LV WKH GLVSHUVHG SKDVH SDUWLFOH VL]H DQG ĳ is the
volume fraction of the dispersed phase. The interfacial tension was not measured in this
work but instead was used as a fitting parameter for the model. The radius or size of the
dispersed PHA particles was estimated from SEM and TEM images of films for the
blended materials. For the 5% HV, initial particle sizes of 0.177, 0.303, 0.404, and 0.631
m for the 10, 20, 30, and 50% PHA concentrations, respectively, were used in the
model. The particles were of similar sizes for the 8 and 12% HV blends. Grizzuti et al.
(2000) observed a linear relationship between the particle size and shear rate ± with a
slope of -0.4 ± which was applied in this modeling work since the shear rate dependence
of the particle size was not experimentally determined.
The F-A model was used to calculate the complex viscosity versus frequency for
the blends using the viscosities for the pure PLA and PHA materials. The results for the
5% HV blends at a temperature of 175°C along with the corresponding predictions from
the F-A model are shown in Figure 3.22. Results for the modeling of the 8 and 12% HV
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PHA blends can be found in Appendix A. The predictions from the F-A model provide a
good representation of the viscosity for the blends, and incorporating the interfacial
tension significantly improves the accuracy of the predictions versus the other models
examined.

Figure 3.22 Comparison of complex viscosity at 175°C for the 5% HV blended materials
along with the predictions by the Frankel-Acrivos model

The values for the interfacial tension (ı) in N/m obtained in fitting the model to
the blend complex viscosity versus frequency are shown in Table 3.4.
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Table 3.4 Interfacial tension (ı) in N/m for the Frankel-Acrivos equation used to model
the complex viscosity of the blends at 175°C, frequency of 1 rad/s and strain of 3%
5% HV
8% HV
12% HV
ĳPHA
0.11
0.030
0.026
0.027
0.21
0.039
0.034
0.031
0.32
0.043
0.039
0.037
0.52
0.049
0.044
0.040

The values of ı generally decrease with increasing HV content in the copolymer, which
indicates less repulsive forces between the PHA material and PLA and therefore greater
interfacial adhesion with increasing HV content (Nielsen, 1978; Frankel and Acrivos,
1970). The values of ı increase with increasing PHA concentration in the blend. The
primary cause for this higher ı is a larger particle size due to more agglomeration of the
dispersed particles with increasing PHA concentration. These larger particles cause
greater phase separation and lead to preferential de-bonding of the two phases in those
regions. The shape of the dispersed particles and degree of dispersion are also
contributing factors (Nielsen, 1978). For example, well-dispersed, small, spherical
particles would result in a much lower interfacial tension than congregated, large, oblong
particles (Nielsen, 1978). The values determined here are slightly higher than interfacial
tensions observed for PLA/polystyrene blends of 0.005 N/m (Biresaw and Carriere,
2002) and LDPE/polystyrene blends of 0.005-0.010 N/m (Arashiro and Demarquette,
1999). The higher interfacial tensions would indicate that the PLA and PHA are less
compatible than these blends mentioned due to poorer adhesion between the materials.
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3.4 Extensional Rheology
In the previous section, the shear rheology results were presented. In most
processing applications, a polymer will encounter both shear and extensional flow fields.
Therefore, the extensional rheology of the materials is important to measure in addition
to the shear rheology. As discussed in Chapter 2, the technique used to measure the
extensional viscosity of the materials in this study is the TA Instruments Extensional
Viscosity Fixture (EVF) with the ARES rotational rheometer. The EVF measures the
transient evolution of the extensional viscosity over a wide range of strain rates. Since the
PD[LPXP+HQFN\VWUDLQREWDLQDEOHZLWKWKH(9)LVİh = 4, the experimental time for this
method ranges from one to forty seconds for strain rates from 0.1 to 4 s-1. This residence
time in the rheometer results in minimal degradation during the experiments.
Similar to the previous section, the results for the pure polymers will be presented
first followed by the results for the blended systems. Again, the discussion will focus on
the differences in the rheology due to varying the comonomer content in the PHA
copolymers as well as varying the PHA concentration in the polymer blends. A
comparison between the shear and extensional results will also be made. To assist in this
comparison, the Trouton Ratio will be calculated. The Trouton Ratio is defined as the
ratio of the extensional viscosity to the shear viscosity at the same extensional and shear
rates. The Trouton Ratio for a Newtonian fluid is equal to 3. For many polymers, the
Trouton Ratio is also equal to 3 (Morrison, 2001; Munstedt, 1980; Kurzbeck et al., 1999),
so the validity of this condition will be examined. The extensional viscosity results of the
blends are also modeled in order to predict the blend extensional behavior. A comparison
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is made between the model parameters for the various PHA materials and concentrations
within the blends.

3.4.1 Pure Polymer Extensional Rheology
In this section, the extensional rheology results will be presented for the pure
materials. The extensional viscosity at different temperatures and strain rates are
presented for the pure PLA and each of the PHA polymers.

3.4.1.1 Polylactic Acid (PLA)
The extensional viscosity for the PLA as a function of time is displayed in Figure
3.23 (a) and (b) at temperatures of 165°C and 175°C, respectively. The data was obtained
at strain rates ranging from 0.1 to 1 s-1. These strain rates are of similar magnitude to the
strain rate that was encountered in the extrusion process used for this research project,
which was determined to be approximately 1 s-1 for the throughput of 0.5 g/min and other
typical processing conditions that were used (Hatzikiriakos and Migler, 2005; Aniunoh,
2007). The extensional viscosity plateaus at approximately 20,000Pa-s at 165°C, and at
13,000 Pa-s at 175°C. From the shear rheology results in Figure 3.8, the zero-shear
viscosity is approximately 10,000 Pa-s at 165°C and 7,000 Pa-s at 175°C. This
corresponds to a Trouton ratio of approximately 2 for both temperatures studied, which is
quite different from the Trouton ratio for a Newtonian fluid of 3.
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(a)

(b)
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Figure 3.23 Extensional viscosity versus time for PLA at (a) 165°C and (b) 175°C

The extensional viscosity reaches a steady state plateau very rapidly, which indicates
ODUJHO\YLVFRXVEHKDYLRURIWKHSRO\PHUPHOWDQGDVKRUWUHOD[DWLRQWLPH '¶+DHQHHWDO
1999). With increasing strain rate, the plateau value tends to decrease slightly, suggesting
minor strain rate thinning behavior for the PLA as predicted by the Doi-Edwards tube
model (Doi and Edwards, 1986). However, it is difficult to draw broad conclusions due
to the limited strain rates investigated. The sudden drop in extensional viscosity signifies
the sample breaking during the experiment.
Dorgan and researchers (Palade et al., 2001) used the RME Meissner-type
extensional rheometer and determined the Trouton ratio for their PLA materials to range
between 2.25 to 3 at a strain rate of 0.1 s-1and temperature of 180°C, where the
extensional viscosity plateaus were measured to be approximately 15,000-20,000 Pa-s.
For the experiments shown in Figure 3.23, the values of the strain rates fall within the
Newtonian plateau shear rates in Figure 3.8. At low deformations or strain rates within
the zero-shear Newtonian plateau region, the Trouton ratio would be equal to 3 for a
Newtonian fluid, which has been shown to hold true for many polymers as well,
including some PLAs (Morrison, 2001; Palade et al., 2001). One potential reason for the
discrepancy here might be that the extensional viscosity has not reached its final plateau
value within the time and strain limits of the experiment and could therefore result in the
lower Trouton Ratio obtained. Another reason might be related to the fact that
extensional viscosity measurements are difficult to make. Limitations with the
transducers and issues with the sample orientation and experimental setup during the test
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all can cause discrepancies in the extensional viscosity values calculated (Schulze et al.,
2001; Palade et al., 2001).

3.4.1.2 Polyhydroxyalkanoates (PHAs)
The results for the pure PHA materials will be presented next. The extensional
viscosity for the poly(3HB-co-3HV) samples was measured at a temperature of 165°C
and strain rates of 0.4, 0.6, and 1 s-1. There were severe limitations on the strain rates that
could be investigated using the EVF equipment for PHA. If the strain rate was too low,
WKH3+$¶VORZYLVFRVLW\DERYHLWVPHOWWHPSHUDWXUHUHVXOWHGLQVDJJLQJRIWKHVDPSOHGXH
to longer experimental time at lower strain rates. However, if the strain rate was too high,
WKH3+$¶VORZPHOWVWUHQJWKDQGEULWWOHQHVVOHGWRPHOWIUDFWXUHGXULQJWKHH[SHULPHQW,Q
D VWXG\ E\ '¶+DHQH HW DO   RI WKH H[WHQVLRQDO YLVFRVLW\ IRU SRO\ +%-co-3HV)
using the RME, the highest strain rate utilized was 1 s-1 due to the capability limits of the
PDFKLQH DQG WKH SRO\PHU¶V ORZ PHOW YLVFRVLW\ DQG SRRU PHOW VWUHQJWK 7KHVH LVVXHV
resulted in poor data that did not accurately represent the extensional viscosity at low and
high strain rates in this study.
Pictures were taken of the samples after the experiments in order to determine if
WKHUH ZDV D FRUUHODWLRQ EHWZHHQ WKH WHVWHG VDPSOH¶V DSSHDUDQFH DQG WKH GDWD DW YDULRXV
strain rates. Representative pictures of the 5% HV samples after experiments at a
temperature of 165°C and strain rates of 0.1, 0.4, 1, and 4 s-1 are displayed in Figure 3.24.
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(a)

(b)

(c)
(d)
Figure 3.24 Pictures of the 5% PHA samples after the extensional testing at 165°C and
strain rates of (a) 0.1, (b) 0.4, (c) 1, and (d) 4 s-1

The pictures in Figure 3.24 illustrate the impact of the lower strain rates and higher strain
rates on the extensional rheology experiments. Figure 3.24a shows that at low strain rates
the sDPSOHVDJJHGGXULQJWKHWHVWGXHWRWKHSRO\PHU¶VORZYLVFRVLW\DQGRQO\DQDUURZ
portion of the sample was actually being stretched. The sagging led to measurements of
the extensional viscosity that were lower than they would have been if the whole sample
had been stretched. One of the key parameters entered at the beginning of the experiment
is the width and thickness of the sample which provides the cross-sectional area used by
the software to calculate the stress and ultimately the extensional viscosity. Therefore, if
only a fraction of the sample is actually being stretched, then the area of this portion is
actually significantly lower than the area based on the values entered before the test

117

began. The larger area causes lower extensional viscosities to be calculated by the
software. Figures 3.24b and 3.24c demonstrate the ideal stretching behavior of the PHA
samples with minimal sagging at moderate strain rates. Figure 3.24d displays a brittle
fracture of the sample during the test at a higher strain rate. A gradual reduction in the
extensional viscosity was often observed in the plot of viscosity versus time indicating
that the sample was beginning to fail. In other cases, the sample broke before the curve
reached a steady plateau.
Figure 3.25 shows the transient evolution of the extensional viscosity as a
function of strain rate at a temperature of 165°C for the PHA polymers. The extensional
viscosity reaches a steady state plateau rapidly for the PHA materials, which again
indicates largely viscous behavior of the polymer melt and a short relaxation time
'¶+DHQH HW DO   7KH   DQG  +9 DWWDLQ H[WHQVLRQDO YLVFRVLWLHV RI DURXQG
400, 750, and 2000 Pa-s, respectively. From the shear results in Section 3.2.1.2, the zeroshear viscosities are approximately 110, 330, and 800 Pa-s for the 5, 8, and 12% HV at
165°C. These values correspond to Trouton ratios of 3.2, 2.3, and 2.5, which are close to
WKH 1HZWRQLDQ YDOXH RI  ,Q WKH VWXG\ E\ '¶+DHQH HW DO   WKH\ GHWHUPLQHG WKH
Trouton ratio to be equal to 3 for the PHA material studied.
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(a)
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(b)

(c)
Figure 3.25 Extensional viscosity versus time for PHA materials at 165°C for (a) 5, (b)
8, and (c) 12% HV

The time required to reach the plateau extensional viscosity correlates well with
the relaxation times determined from the onset of shear thinning in the shear rheology.
For all three PHA copolymers the time to reach the steady state plateau is approximately
0.07 seconds whereas the relaxation times were 0.0067-0.02 s. A similar result was
observed for the PLA where the time to steady state was 0.1 s compared to the relaxation
time of 0.2 s.
A comparison of the extensional viscosity for the pure polymers at a temperature
of 165°C and strain rate of 1.0 s-1 is shown in Figure 3.26. Similar to the shear rheology,
the PLA has a significantly greater extensional viscosity than the PHA materials. The
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extensional viscosity increases with increasing HV content, which again is due to a
greater molecular weight and elasticity for the PHA with increasing HV content (Choi et
al., 1999; Bluhm et al., 1986; Wolf, 2005; Bhattacharya et al., 2005; Asrar and Gruys,
2001).

Figure 3.26 Comparison of extensional viscosity for the pure materials at 165°C and 1 s-1

3.4.2 Blended Polymer Extensional Rheology
In this section, the impact on the extensional rheology obtained by varying the
PHA content in the blended systems will be presented. The results for the blends are
compared to the pure results to determine the effects of blending each of the PHA
materials with the PLA. The extensional viscosity of the blends for the poly(3HB-co3HV) polymers at a temperature of 165°C and a strain rate of 1 s-1 is shown in Figure
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3.27. For each of the different PHAs, the extensional viscosity of the blends tends to
decrease with increasing PHA concentration in the blend. However, the extensional
viscosity of the blends is notably larger than the pure PHA polymer even at the highest
concentration of 50% PHA. Therefore, blending the PHA with PLA significantly
improves the melt stability and also reduces the sagging of the PHA sample during
testing. This result would be important in film blowing and casting as well as blow
molding applications (Cogswell, 1981). From the opposite perspective, the extensional
viscosity of the PLA can be significantly reduced by blending with PHA ± a result which
could be useful in injection molding applications (Cogswell, 1981).

(a)
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(b)

(c)
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Figure 3.27 Comparison of extensional viscosity for blended materials at 175°C and 1s-1
with (a) 5, (b) 8, and (c) 12% HV PHA samples

For each of the different PHAs, the 10, 20, and 30% PHA blends showed similar
extensional viscosities to one another, although all values were lower than the pure PLA.
The similarity is mostly due to the PLA in the blend increasing the melt elasticity and
stability of the material, which causes the extensional viscosity to remain closer to that of
the pure PLA. The most significant decrease in viscosity was not observed until the
concentration reached 50% PHA. This was similar to the observed behavior in the shear
rheology and further supports the notion that there is a maximum concentration of PHA
within the blend before the viscosity more closely resembles the flow behavior of the
PHA rather than the PLA.
Similarly to the shear rheology, the 12% HV based blends display the largest
plateau extensional viscosities among the three PHA samples. The extensional viscosity
of the blends generally increases with increasing HV content. For the pure PHA
polymers, the extensional viscosities increased with increasing HV content as well.
Again, this is due to the greater molecular weight and elasticity for the PHA with
increasing HV content (Choi et al., 1999; Bluhm et al., 1986; Wolf, 2005; Bhattacharya
et al., 2005; Asrar and Gruys, 2001), which leads to greater extensional viscosities. The
larger extensional viscosities of the 12% HV blends in particular may be related to a
greater interfacial adhesion between the PLA and 12% HV PHA as compared to the 5
and 8% HV polymers. This would result in a greater extensional viscosity because the
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lower viscosity of the PHA would not have as significant an impact on the flow behavior
of the blend due to the stronger interfacial adhesion (Nielsen, 1978; Utracki, 2002).

3.4.3 Modeling of the Polymer Blend Extensional Rheology
In a previous section, models for predicting the shear rheology results for the
blended materials were presented. Modeling of the extensional rheology of the materials
is important to investigate in addition to the shear rheology. In this section, the FrankelAcrivos model is used to fit the extensional viscosity of the blends as a function of time
based on the extensional viscosities for the pure PLA and PHA materials. The F-A model
assumes Newtonian behavior of the two blend components. Therefore, since the Trouton
ratio for the pure PLA and PHA was not equal to the Newtonian value of three, some
discrepancies in the predictions were expected. Data for the particle size of the dispersed
phase was not experimentally determined for the extensional rheology versus time.
Therefore, the initial particle sizes measured by microscopy were used for the extensional
rheology. For the 5% HV, the values were 0.177, 0.303, 0.404, and 0.631 m for the 10,
20, 30, and 50% PHA concentrations, respectively. A single strain rate was investigated
for the extensional viscosity of the blends, so the rate dependence of the particle size was
not required for the analysis performed here.
A plot of the extensional viscosity for the 5% HV blends at a temperature of
165°C and a strain rate of 1 s-1 along with the corresponding predictions from the F-A
model is shown in Figure 3.28. The extensional viscosity results for the 8 and 12% HV
PHA blends along with the F-A model predictions can be found in Appendix A. The
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predictions from the F-A model show some slight variations from the data, but they are
able to capture the general behavior for the blends reasonably well.

Figure 3.28 Comparison of extensional viscosity at 165°C and 1 s-1 for the 5% HV
blended materials along with the predictions by the Frankel-Acrivos model

The values for the interfacial tension (ı) in N/m obtained in fitting the model to the blend
extensional viscosity are shown in Table 3.5.

Table 3.5 Interfacial tension (ı) in N/m for the Frankel-Acrivos equation used to model
the extensional viscosity of the blends at 175°C, frequency of 1 rad/s and strain of 3%
ĳPHA
5% HV
8% HV 12% HV
0.11
0.040
0.037
0.032
0.21
0.041
0.039
0.040
0.32
0.045
0.046
0.039
0.52
0.055
0.049
0.040
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As shown in the previous section, the decrease in ı with increasing HV content is due to
greater adhesion between the PLA and the PHAs with higher HV comonomer content.
The increase in ı with increasing PHA concentration is largely the result of the greater
particle size for these blends. The interfacial tensions used to model the extensional
rheology are comparable to the values used for the shear rheology but are slightly higher
to account for the Trouton ratio not being equal to three for the pure polymer
components. The values of ı are larger than those measured experimentally for
PLA/polystyrene

blends

of

0.005

N/m

(Biresaw

and

Carriere,

2002)

and

LDPE/polystyrene blends of 0.005-0.010 N/m (Arashiro and Demarquette, 1999).

3.5 Degradation Rheology
The thermal degradation that occurs when the PLA and PHA polymers are
exposed to elevated temperatures for an extensive period of time is a well-known issue
$OEHUWVVRQDQG9DUPD$VUDUDQG*UX\V*UXEHUDQG2¶%ULHQ'DO\HW
al., 2005; Eickhoff, 2006; Yamaguchi and Arakawa, 2006) and has previously been
alluded to in this work. This section details the results from the degradation (shear)
rheology experiments that were performed. The experiments include frequency sweep
tests on extruded and non-extruded materials and dynamic time sweep tests performed at
different temperatures and length scales to probe these effects on the degradation
behavior of the polymers. As before, the results for the pure polymers will be presented
first followed by the results for the blended systems. As in the previous sections, the
discussion will focus on the differences in the rheology due to varying the comonomer
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content in the PHA materials as well as varying the PHA concentration in the polymer
blends.

3.5.1 Pure Polymer Degradation Rheology
In this section, the degradation rheology results will be presented for the pure
materials. A comparison of the complex viscosity as a function of frequency for the
extruded and non-extruded polymers is presented first. This is followed by the transient
evolution of the complex viscosity determined from the time sweep experiments at
various temperatures and time scales.

3.5.1.1 Polylactic Acid (PLA)
The results for pure PLA will be presented first. The complex viscosity as a
function of frequency at a temperature of 175°C before and after extrusion for the PLA ±
with a residence time of approximately 15 minutes in the extruder ± is displayed in
Figure 3.29. This plot shows that the PLA does undergo degradation during processing as
indicated by the decrease in viscosity for the extruded sample. The zero-shear viscosity
before extrusion is 6500 Pa-s while that after is 4200 Pa-s.
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Figure 3.29 Complex viscosities for extruded and non-extruded PLA samples at 175°C

The extruded PLA still displays comparable rheological properties to the nonextruded sample, although the zero-shear viscosity decreased by approximately 30% after
processing. The zero-shear viscosity of the extruded PLA extends to larger frequencies
and thereby increases the onset point of shear thinning. This indicates that a characteristic
time scale of the polymer decreases after processing ± from 0.2 s down to 0.1 s for the
extruded PLA. The reduced relaxation time is caused by a decrease in the molecular
weight of the PLA due to thermal degradation during processing (Cooper-White and
0DFND\  *UXEHU DQG 2¶%ULHQ ). A similar trend was observed in another
study of extruded versus non-extruded PLA using another grade of Natureworks PLA and
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a different extrusion method, where the viscosity was found to decrease by approximately
20% after extrusion (Eickhoff, 2006).
Thermal degradation of the PLA is one reason for the decrease in viscosity due to
the exposure of the material to elevated temperatures for 15 minutes in the
PLFURFRPSRXQGHU *UXEHUDQG2¶%ULHQ $QRWKHUGHJUDGDWLRQPHFKDQLVPIRU3/$
is hydrolysis, so residual moisture content in the PLA would also be a cause of the
degradation that was observed (Cicero et al., 2002). The degradation observed was
quantified by examining the change in the molecular weight of the polymer. The weight
average molecular weight of the PLA was determined based on the zero-shear viscosities
in Figure 3.29 using Equation 3.21 (Dorgan et al., 2005):

(3.21)

Equation 3.21 was produced from a least-squares regression fit of zero-shear viscosity
versus molecular weight data obtained from a rheological study on 15 different PLA
samples of varying molecular weight (Dorgan et al., 2005). Equation 3.21 provided
estimates of the molecular weight of 207 kDa for the non-extruded PLA and 182 kDa for
the extruded PLA. For a similar Natureworks PLA polymer, the number average
molecular weight was determined to be 110,000 with a polydispersity of 2.1, which
means the weight average molecular weight would be 210,000 kDa (Dorgan et al., 2000).
Therefore, the equation developed by Dorgan et al. (2005) provides a reasonable
SUHGLFWLRQRIWKHSRO\PHU¶VPROHFXODUZHLJKWXVLQJWKH]HUR-shear viscosity based on this
result.
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The reduced complex viscosity ± the complex viscosity at time t, scaled with the
initial value at t=0 ± as a function of time is displayed in Figure 3.30 for the pure PLA
over a range of temperatures. The experimental conditions included a frequency of 1
rad/s, 3% strain, and time of 1 hour. The measured complex viscosity is scaled by
dividing by the initial viscosity at t=0 in order to make comparisons between the various
trials.

Figure 3.30 Transient evolution of the reduced complex viscosity for PLA at
temperatures of 165, 170, and 175°C at a frequency of 1 rad/s and strain of 3%

It can be seen from Figure 3.30 that the PLA did degrade during the experiment, where
the decrease in viscosity observed increased with increasing temperature from 8% at
165°C to 15% at 175°C. These decreases in viscosity correspond to a 3% and 5%
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decrease in molecular weight, respectively. This result shows less degradation than was
observed for the extruded material in Figure 3.29 (30% decrease in viscosity) largely
because the extruded material was processed at 190°C which would result in more
degradation than at the temperatures the transient tests were run in Figure 3.30.

3.5.1.2 Polyhydroxyalkanoates (PHAs)
In this section, the results for the degradation of pure PHA materials are
presented. The complex viscosity as a function of frequency for the extruded ± with a
residence time of approximately 15 minutes in the extruder ± and as-received poly(3HBco-3HV) polymers at a temperature of 175°C is displayed in Figure 3.31. The viscosity is
significantly lower for the extruded PHA polymers due to degradation that occurred
during processing of the material (Asrar and Gruys, 2001; Yamaguchi and Arakawa,
2006). The zero-shear viscosity before extrusion is 70, 300, and 500 Pa-s for the 5, 8, and
12% HV polymers, respectively, while that after extrusion is 30, 40, and 60 Pa-s for the
5, 8, and 12% HV polymers, respectively.
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Figure 3.31 Complex viscosity for extruded and non-extruded poly(3HB-co-3HV)
materials at 175°C

Figure 3.31 demonstrates that the PHA materials undergo substantially more
degradation during the extrusion process than the PLA, which is consistent with previous
studies (Eickhoff, 2006; Ramkumar and Bhattacharya, 1998). The zero-shear viscosities
of the extruded PHA samples extend to larger frequencies, indicating an increase in the
onset point of shear thinning. This signifies that the relaxation time of the PHA polymers
decreases after processing as it did for the PLA ± from 0.0067, 0.02 and 0.025 s down to
0.0033, 0.0040, and 0.0055 s for the extruded 5, 8, and 12% HV polymers, respectively.
The reduced relaxation time again is caused by a decrease in the molecular weight of the
3+$ GXH WR WKHUPDO GHJUDGDWLRQ GXULQJ SURFHVVLQJ '¶+DHQH HW DO  <DPDJXFKL
and Arakawa, 2006). Eickhoff (2006) observed a large decrease in the zero-shear
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viscosity of the poly(3HB-co-3HH) polymers he studied, which decreased by
approximately 95% for the extruded versus non-extruded PHA. In a study of the
viscoelastic properties of poly(3HB) as a function of frequency with varying residence
times, Yamaguchi and Arakawa (2006) measured a reduction of the zero-shear viscosity
by over an order of magnitude as well, or about a 90% lower zero-shear viscosity for a 10
minute residence time at a temperature of 180°C than for zero residence time.
The zero-shear viscosity for the 5, 8, and 12% HV polymers decreased by
approximately 60%, 85%, and 90% after processing, respectively. The process consisted
of a 15 minute residence time in the barrel ± to remain consistent with the mixing time
used to produce the blends ± and was followed by extrusion. The decrease in zero-shear
viscosity after extrusion can provide a measure of the thermal degradation the polymer
undergoes during processing by examining the molecular weight before and after
extrusion. The weight average molecular weight of the PHAs was determined based on
the zero-shear viscosities in Figure 3.31 using Equation 3.7 for poly(3HB-co-3HV)
FRSRO\PHUVGLVFXVVHGLQ6HFWLRQ '¶+DHQHHWDO 7KLVHTXDWLRQSURYLGHGD
method to predict the change in molecular weight that occurred during extrusion and
testing of the materials similar to Equation 3.21 developed by Dorgan et al. (2005) for
PLA. The relative values for the weight average molecular weight based on this equation
before/after extrusion were calculated to be 100/77, 154/84, and 179/95 kDa ± or 23%,
45%, and 47% decrease ± for the 5, 8, and 12% HV, respectively. Using these calculated
molecular weights and the relaxation times determined from the onset of shear thinning
in Figure 3.31, the relaxation time is determined to scale with Mw1.8. The theoretical
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scaling of relaxation time with Mw is 3.0 based on the reptation model (Doi and Edwards,
1986). The difference is most likely due to discrepancies in the molecular weights by
estimating them using Equation 3.7 and also due to errors in determining the relaxation
times from the onset of shear thinning.
A comparison of the reduced complex viscosity ± the complex viscosity at time
t, scaled with the initial complex value at t=0 ± as a function of time for the pure PHA
polymers along with the pure PLA (at a temperature of 175°C, frequency of 1 rad/s, and
strain of 3%) is shown in Figure 3.32. The complex viscosity is scaled by dividing the
viscosity at time t by the initial viscosity at t=0 in order to make comparisons between the
various materials more easily. The decrease in reduced viscosity over the course of the
experiment provides a measure of the thermal stability or extent to which the polymer
undergoes thermal degradation. The trend in this plot shows that the PLA is significantly
more stable at elevated temperatures than the PHA polymers since the reduced viscosity
does not decrease as severely as for the PHA materials.
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Figure 3.32 Transient evolution of the reduced complex viscosity for the pure materials
at a temperature of 175°C at a frequency of 1 rad/s and strain of 3%

The viscosity of the PHA materials decreases rapidly over the first 30 minutes of
the experiment due to the poor thermal stability of the ester linkages of these polymers at
high temperatures. This leads to random chain scission at these bonds and causes the
viscosity to fall quickly with time (Kunioka and Doi, 1990; Cyras et al., 2000). The
reduced viscosity for the pure PLA is approximately 0.8 at the end of the experiment
while the reduced viscosity for the PHA materials is less than 0.1. Examining the reduced
viscosity in Figure 3.32 at a time of 15 minutes ± which corresponds to the residence time
in the microcompounding blending and extrusion process ± the viscosity decreased by
46%, 60%, and 83% for the 5, 8, and 12% HV, respectively. These values are similar to
those determined from the zero-shear viscosity reduction after processing of 60%, 85%,
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and 90%. The molecular weights calculated based on the viscosity at a time of 15 minutes
in the transient experiments along with the values determined from the zero-shear
viscosities before and after extrusion are shown in Table 3.6. The discrepancy between
the values from the two experiments is largely a result of the lower temperature at which
the test in Figure 3.32 was conducted versus the temperature at which the material was
extruded (175°C versus 190°C), where the higher temperature would result in more
degradation.

Table 3.6 Molecular weights of the pure materials calculated using the viscosity before
and after extrusion and 15 minutes into the transient experiments at 175°C
Transient (Initial) Transient (15 min) Non-extruded Extruded
Sample
211,000
207,000
207,000
182,000
PLA
117,000
92,000
100,000
5% HV
77,000
161,000
115,000
154,000
8% HV
84,000
200,000
104,000
179,000
12% HV
95,000

In comparing the PHA polymers, the thermal stability decreases with increasing HV
content. This is consistent with a study of poly(3HB-co-3HV) copolymers by Galego and
Rozsa (2000). Using thermogravimetry and infrared spectroscopy, they also found that
the thermal stability of the polymers decreases slightly with increasing HV content.

3.5.2 Blended Polymer Degradation Rheology
In this section, the impact on the degradation behavior by varying the PHA
content in the blended systems will be presented. The results for the blends are compared
to the pure polymer results to examine the effects of blending each of the PHA materials
with the PLA. The reduced complex viscosity ± the complex viscosity at time t, scaled
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with the initial complex value at t=0 ± as a function of time for the blends of the
poly(3HB-co-3HV) polymer with 5% HV at a temperature of 175°C, frequency of 1
rad/s, and strain of 3% is shown in Figure 3.33. This provides a representative plot of the
various blends in order to illustrate the influence of the 3HV content on the change in
viscosity over the length of the experiment. Results for the 8 and 12% HV PHA blends
can be found in Appendix A. For each of the different PHAs, the curves for the blends lie
between the curves of the pure polymers.

Figure 3.33 Comparison of reduced complex viscosity versus time for blended materials
at 175°C with 5% HV PHA samples at a frequency of 1 rad/s and strain of 3%

Increasing the PHA polymer concentration within the blend causes more
significant decreases in the reduced viscosity of the materials. In a study of blends of
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poly(vinyl chloride) with poly(3HB-co-3HV), it was suggested that the significant
reduction in the viscosity could be a result of the PHA acting as a lubricant since its
viscosity is an order of magnitude lower than the PVC (Marcilla et al., 2008). This could
be the case here as well since the viscosity of the PLA is about an order of magnitude
higher than the PHA. However, the blends showed a much more gradual decay over the
course of the experiment than the pure PHA. One contributing factor is the larger
viscosity of the PLA which masks the degradation of the PHA, especially for the low
concentrations of PHA in the blends. Within the blends, the PHA is still degrading as was
shown for the pure PHA. However, because PLA has a significantly greater viscosity
than the PHA, the impact on the overall blend viscosity was lower and the viscosities of
the blends decreased much slower than for the pure PHA.
Among the three PHA materials, the 5% HV blends generally displayed the
greatest thermal stability. In a previous study by Galego and Rozsa (2000), the thermal
stability was found to decrease with increasing HV content, and this was the case for the
pure PHA materials as well as most of the blends. The decreased thermal stability is
partially caused by a lower melt temperature of the PHA copolymers with increasing HV
concentration, which means the polymer is subject to elevated temperatures higher above
its melt temperature and ultimately results in greater degradation of the material (Galego
and Rozsa, 2000). The 10% blends for the three PHA materials tended to display similar
results to one another, and the reduced viscosities at 10800 s were 0.63, 0.62, and 0.59 for
the 5, 8, and 12% HV, respectively. This indicates that at low PHA concentrations the
PLA is masking the degradation of the PHA. A significant decrease in the reduced
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viscosity was observed as the blend concentration was increased due to the rapid
degradation of the PHA materials since the reduced viscosity of the PLA was shown not
to decrease much during the experiments.

3.5.3 Modeling of the Polymer Blend Degradation Rheology
In this section, the Frankel-Acrivos model is used to fit the reduced complex
viscosity of the blends as a function of time based on the complex viscosities for the pure
PLA and PHA materials in order to better understand the degradation behavior of the
blends. Due to the rapid decrease in the viscosity of the pure PHA material, the other
models predicted a much more drastic drop in the viscosity of the blends than was
experimentally observed. The less dramatic drop observed in the data is most likely due
to interactions between the PLA and PHA within the blend, the morphology of the blend,
and differences in the structure of the two material ± factors which are accounted for in
the F-A model. Data for the particle size were not collected in the degradation
experiments. Similar to the extensional rheology, the initial particle sizes were used even
though this assumption is not physically realistic over the entire course of the experiment.
The reduced viscosity for the 5% HV blends at a temperature of 175°C, frequency
of 1 rad/s, and strain of 3% along with the corresponding predictions from the F-A model
are shown in Figure 3.34. Results for the modeling of the 8 and 12% HV PHA blends can
be found in Appendix A. The predictions from the F-A model provide a good
representation of the degradation behavior of the blends.
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Figure 3.34 Comparison of reduced complex viscosity versus time at 175°C for the 5%
HV blended materials along with the predictions by the Frankel-Acrivos model at a
frequency of 1 rad/s and strain of 3%

The values for the interfacial tension (ı) in N/m obtained in fitting the model to
the blend complex viscosity versus time are shown in Table 3.7.

Table 3.7 Interfacial
the reduced complex
3%
Sample (% PHA)
10
20
30
50

tension (ı) in N/m for the Frankel-Acrivos equation used to model
viscosity of the blends at 175°C, frequency of 1 rad/s and strain of
5% HV
0.00083
0.00400
0.00710
0.00900

8% HV
0.00079
0.00360
0.00630
0.00900

12% HV
0.00740
0.00300
0.00580
0.01100
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The values of ı generally decrease with increasing HV content in the copolymer, which
signifies a greater interfacial adhesion between the PLA and PHA with increasing HV
content due to less repulsive force between the materials (Nielsen, 1978; Frankel and
Acrivos, 1970). The values of ı increase with increasing PHA concentration in the blend
as was observed for the shear and extensional rheology. This higher ı is due to a greater
particle size as a result of more agglomeration of the dispersed PHA particles with
increasing PHA concentration. Comparable interfacial tension values have been observed
for PLA/polystyrene blends of 0.005 N/m (Biresaw and Carriere, 2002) and
LDPE/polystyrene blends of 0.005-0.010 N/m (Arashiro and Demarquette, 1999).

3.5.4 Degradation Kinetics
In this section, the degradation kinetics of the polymers will be presented. Above
the melt temperature of polyesters, the bond between the carbon and oxygen in the ester
linkage becomes highly unstable (Grassie et al., 1984; Kunioka and Doi, 1990; Seo and
Cloyd, 1991). This ester bond is weaker compared to the other bonds in the chain, which
is why the cleavage occurs at that location (Seo and Cloyd, 1991). This results in a
significant decrease in the molecular weight of the material and likewise a drastic drop in
the viscosity (Grassie et al., 1984).
Previous studies of the thermal degradation behavior for PHAs show that the
thermal degradation rate is related to the rate of chain scission of the polymer, and the
kinetics follow a first-order model as represented in Equation 3.22 (Grassie, 1984;
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Kunioka and Doi, 1990; Mark and Tobolsky, 1950; Melik and Schechtman, 1995; Daly et
al., 2005; Tharmapuram and Jabarin, 2003):

1
DP

1
DP0

kT t

(3.22)

where DP0 is the initial degree of polymerization (at t=0), DP is the degree of
polymerization at time t, and kT is the thermal degradation rate constant or rate of chain
scission. Using the definition of the degree of polymerization (DP=M w/M0, where M0 is
the molecular weight of the monomer) and the scaling of 3.4 between molecular weight
and viscosity, Equation 3.22 can be transformed to relate the thermal degradation rate
constant to the polymer melt viscosity at varying times as shown in Equation 3.23:

1

1

k 2t

(3.23)

o

ZKHUHȘLVWKHYLVFRVLW\DWWLPHWȘo is the initial viscosity at t = 0, k2 is the degradation
UDWH FRQVWDQW DQG Į LV HTXDO WR  WKH  FRPHV IURP WKH ZHOO-known scaling
relationship between viscosity and molecular weight). This equation provides a method to
estimate the degradation rate constant k2.
Equation 3.23 can be applied to the dynamic time sweep data in Section 3.4.2 to
investigate the degradation kinetics of the pure materials (Tharmapuram and Jabarin,
2003). The results of this linearized model are shown in Figure 3.35 for the pure
polymers. In the graph, the YDOXHVȘĮ are plotted against time.
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Figure 3.35 Comparison of degradation rates for the pure materials at 175°C, frequency
of 1 rad/s and strain of 3%

A linear trend can be observed in the graph for fairly long time scales, which validates
the use of the simple rate model. The slope of these resultant lines can then be used to
compare the degradation rates for the various materials. The slope of the PLA is very
small compared to those for the PHA samples, indicating that the PLA degradation rate is
much slower than for the PHA. At longer time scales, a second linear region is observed
in the curve for the PLA but is difficult to see in Figure 3.35. This dual slope
phenomenon has been studied before for other polyesters, in particular PET by Seo and
Cloyd (1991), where the degradation rate was measured over a 40 minute time period.
For the PLA, these two slopes can be explained to be the result of an initial, fast
degradation rate attributed to hydrolysis due to residual moisture in the sample and a
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later, slower rate attributed to thermo-oxidative chain scission initiated by the long
exposure to the elevated temperatures ± i.e. thermal degradation (Seo and Cloyd, 1991).
Although PHA is also a polyester material that would be expected to undergo hydrolysis,
it is practically resistant to hydrolytic degradation (Noda et al., 2005; Fraga et al., 2005;
Daly et al., 2005). However, the PHA experiences rapid thermal degradation due to the
chain-scissioning mechanism as a result of its poor melt stability at elevated
temperatures. In comparing the PHA materials, the slope is steeper with increasing HV
content.
The values of the degradation rate constants for the pure polymers are shown in
Table 3.8, including both the initial and final slopes for the PLA.

Table 3.8 Degradation rate constants determined for the pure materials at 175°C,
frequency of 1 rad/s and strain of 3%
Sample
PLA
5% HV
8% HV
12% HV

k2 x 106 (initial)
1
40
60
100

k2 x 106 (final)
0.4
N/A
N/A
N/A

The degradation rate of the PLA was significantly lower than that for the PHA polymers
due to the much more gradual decrease in viscosity and ultimately small decrease in
molecular weight compared to the PHA samples as a result of the greater melt stability of
the PLA. For the PHA samples, the degradation rate constants increased with increasing
HV content, as reflected in the figures of the reduced viscosity versus time discussed
previously and the results of Galego and Rozsa (2000) where the thermal stability was
shown to decrease with increasing HV content. The larger degradation rate constants with
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increasing HV content is due to a decrease in melt temperature Tm, which subjects the
polymers to elevated temperatures greater than their melt temperature and speeds up the
degradation process (Galego and Rozsa, 2000). The ester bond in the HV comonomer has
also been shown to be weaker than in the HB comonomer and therefore is more
susceptible to being broken at elevated temperatures (Cyras et al., 2000). This weaker
bond also contributes to the greater degradation rates with increasing HV content.
The linearized first-order kinetics equation was not applied directly to the
PLA/PHA blends because the two materials degrade at separate rates within the blend,
which cannot be accounted for in the model. Also, the equation is based there being a
single molecular weight for the material studied, and this is not the case for the blends
(Tharmapuram and Jabarin, 2003). Therefore, Equation 3.23 cannot simply be applied to
the viscosity of the blend to obtain the degradation kinetics. Instead, the degradation rate
constants for the pure materials are used to calculate the predicted viscosities for each of
the pure materials based on the kinetics equation in Equation 3.23. Then, this new data
for the pure materials was used to predict the viscosity of the blends as a function of time
using the Frankel-Acrivos (F-A) model. The recalculated reduced viscosities for the 5%
HV blends at a temperature of 175°C using the F-A model are shown in Figure 3.36. The
predicted curves are shown up to 5000 seconds since the degradation kinetics model was
found to be accurate up to that point in Figure 3.35. Results for the modeling of the 8 and
12% HV PHA blends can be found in Appendix A.
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Figure 3.36 Comparison of reduced complex viscosity versus time at 175°C for the 5%
HV blended materials calculated from the Frankel-Acrivos model using predicted
viscosities for the pure PLA and PHA from the kinetics equation along with the
experimental reduced viscosity

The predictions from the F-A model using the calculated viscosities for the pure PLA and
PHA from the kinetics equation provide a reasonable representation of the degradation
behavior of the blends. Comparing Figures 3.36 and 3.34, similar reduced viscosities and
trends were observed in the results. In Figure 3.36 the reduced viscosities were 0.80,
0.77, 0.65, 0.59, 0.43, and 0.10 for the 0, 10, 20, 30, 50, and 100% PHA, respectively,
while for Figure 3.34 they were 0.84, 0.78, 0.63, 0.60, 0.41, and 0.14. This good
agreement in the data supports the belief that the two materials are degrading at separate
rates within the blends rather than at a single rate for the blend as a whole. The 10%
blend in Figure 3.36 provides more evidence that the PLA masks the degradation of the
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PHA since it was nearly identical to the pure PLA curve. Increasing the PHA
concentration in the blends resulted in more significant decreases in the reduced viscosity
due to the rapid degradation of the PHA materials.
The values for the interfacial tension (ı) in N/m obtained in fitting the model to
the blend complex viscosity versus time are shown in Table 3.9.

Table 3.9 Interfacial tension (ı) in N/m for the Frankel-Acrivos equation used to model
the reduced complex viscosity of the blends at 175°C using predicted viscosities for the
pure PLA and PHA from the kinetics equation
Sample (% PHA) 5% HV 8% HV 12% HV
10
0.00078 0.00079 0.00070
20
0.00300 0.00320 0.00300
30
0.00580 0.00550 0.00530
50
0.01040 0.01050 0.01000

As discussed in the previous sections, ı decreases slightly with increasing HV content,
signifying better adhesion between the PLA and 12% HV PHA. The values of ı increase
with increasing PHA concentration in the blend due to the larger particle size.

3.6 Summary
In this chapter we present the thermal and rheological properties of the materials
used in this research. Differential scanning calorimetry (DSC) was used to determine the
thermal transitions for the materials used in this research. It was determined that for the
PLA, the Tg occurs at 65°C and the Tm peak is at 152°C. The thermographs for the PHA
samples show two Tm peaks for each sample due to the melting of crystals of different
sizes or the result of secondary crystallization as the polymer was heated followed by the
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melting of these crystals. The Tm peaks for the blends are broad and display two peaks,
which become more prominent as the PHA content increases.
The shear rheology presented includes both rotational and capillary experiments.
The high shear rheology results for the PLA displayed a second Newtonian plateau
viscosity above a shear rate of 106 s-1. For the PHA materials, the zero-shear viscosity
increased with increasing HV content ± from 70 Pa-s for the 5% HV to 500 Pa-s for the
12% HV ± due to a greater elastomeric character and less viscous behavior of the
polymer along with increased molecular weight with increasing HV content. The Carreau
and Giesekus models were used to predict the rheology of the pure materials and capture
both the zero-shear viscosity and the shear thinning regions very well. The viscosity of
the blends decreased with increasing PHA content for each of the different PHAs.
Modeling of the complex viscosity as a function of frequency for the blends was
performed using several empirical models, with the Frankel-Acrivos (F-A) model giving
the best predictions of those investigated since it incorporated blend morphology and
interactions between the materials. The values of the interfacial tension (ı) decrease with
increasing HV content in the copolymer, which signifies greater interfacial adhesion
between the PLA and PHA for the 12% HV blends. The values of ı increase with
increasing PHA concentration in the blend, which indicates a greater phase separation
between the PLA and PHA. This leads to de-bonding of the two phases in those regions
due to a greater particle size of the dispersed PHA particles at larger PHA contents.
The extensional viscosity of the polymers was studied using the EVF with the
ARES rotational rheometer. A Trouton ratio of two was observed for the PLA which is

149

quite different from the Trouton ratio for a Newtonian fluid of three. For the PHA
copolymers, the extensional viscosity plateau increased with increasing HV content.
Similarly to the shear viscosity, this was due to the greater elasticity for the PHA with
increasing HV content. Trouton ratios of 3.2, 2.3, and 2.5 were determined for the 5, 8,
and 12% HV, which are reasonably close to the Newtonian value of 3. For the different
PHAs, the extensional viscosity of the blends decreased with increasing PHA
concentration in the blend. However, the extensional viscosity of the blends was notably
larger than the pure PHA polymer even at the highest concentration of 50% PHA. The FA model was also used to predict the extensional viscosity as a function of time for the
blends. The model predicted the startup region of the transient extensional viscosity and
plateau regions reasonably well. The trends in the model parameters were the same where
the interfacial tension decreased with increasing HV content in the copolymer and
increased with increasing PHA concentration in the blends.
The thermal degradation that occurs when the PLA and PHA polymers are
exposed to elevated temperatures for an extensive period of time was examined by
performing frequency sweep tests on extruded and non-extruded materials and dynamic
time sweep tests performed at different temperatures and lengths of time to probe their
effects on the degradation behavior of the polymers. Both the PLA and PHA underwent
degradation during processing, as measured through a decrease in reduced viscosity
observed over the course of the experiments; however, the PHA displayed much more
substantial degradation. The thermal stability of the PHAs decreased with increasing HV
content. It was suggested that the PLA is most likely masking the small contribution from
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the PHA due to the significantly greater viscosity for the PLA. The F-A model was again
applied to the blend results and provided satisfactory predictions of the reduced viscosity
as a function of time. Again, the interfacial tension decreased with increasing HV content
in the copolymer and increased with increasing PHA concentration in the blends.
A first-order kinetics model was utilized to model the degradation kinetics of the
pure polymers based on a random chain scissioning mechanism. The degradation rate of
the PLA was significantly lower than that for the PHA polymers. For the PHA samples,
the degradation rate constant increased with increasing HV content due to a weaker ester
bond in the HV comonomer and a decrease in melt temperature, which subjects the
polymers to elevated temperatures higher above their melt temperature with increasing
HV content and speeds up the degradation process. The degradation behavior of the
blends cannot be accounted for in the simple kinetics model. Instead, the F-A model was
used to predict the reduced viscosity of the blends using calculated viscosities for the
pure PLA and PHA from the kinetics equation based on the assumption that the materials
degrade separately.
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CHAPTER 4
CHARACTERIZATION OF FILM PROPERTIES

This chapter presents the results from examining the structure-property
relationships of the bio-based polymer films. The crystallinity of the films is reported
first, as determined by wide angle x-ray diffraction (WAXD) and differential scanning
calorimetry (DSC). Next, the glass transition temperature, as determined by DSC, and
scanning electron microscopy (SEM) images of the cross section of the films are
presented to identify the miscibility of the PLA and PHA polymers. Then, the mechanical
properties of the films from the tensile testing experiments are discussed. Finally, the
effects of post-processing uniaxial stretching on the properties of the films are described.
Although prior research has been performed on films and blends of PLA and PHA
(Furukawa, 2006; Iannace et al., 1994; Zhang et al., 1996; Ferreira et al., 2001; Noda et
al., 2004; Schreck and Hillmyer, 2007), these studies have primarily focused on solvent
cast prepared blends and films which do not accurately portray the properties that will be
produced commercially using melt extrusion and forming processes (Asrar and Gruys,
2001). This work examines the properties of melt processed blends and films, which has
not been investigated to a great extent to date.

4.1 Crystallinity
This section presents the crystallinity of the films. The impact on the crystallinity
by varying the PHA concentration in the blended systems and varying the 3HV content in

152

the PHA copolymer will be discussed. The results for the blends are compared to the pure
polymer results to examine the effects of blending each of the PHA materials with the
PLA. WAXD and DSC are used to determine the crystallinity, and a comparison of the
results from the two methods is shown.

4.1.1 Wide Angle X-ray Diffraction (WAXD)
In this section, the crystallinity of the films as determined by wide angle x-ray
diffraction (WAXD) is presented. Figure 4.1 displays representative x-ray diffractograms
for the processed versus unprocessed PLA materials.

Figure 4.1 Comparison of x-ray diffraction patterns for processed (film) and unprocessed
PLA
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The processed PLA film displays no distinct peaks and has a broad shape, indicating that
the film is amorphous in nature, consistent with previous WAXD studies of similar films
(Ghosh and Vasanthan, 2006; MacDonald et al., 1996; Mihai et al., 2007; Peesan et al.,
2005; Mochizuki et al., 2008). The unprocessed PLA resin is semi-crystalline as
indicated by the sharp peaks in the diffractogram. The PLA resin is dried and crystallized
prior to being shipped in order to maintain a low moisture level during shipping and
storage (www.natureworksllc.com, March 13, 2009). The crystallinity will act as a
moisture barrier which minimizes the hydrolytic degradation of the polymer and also
requires less extensive drying prior to use (www.natureworksllc.com, March 13, 2009).
7KHUHVLQVKRZVDVWURQJSHDNDWDșRIZLWKPLQRUSHDNVDWDQG
These peaks are consistent with behavior for other semi-crystalline PLA polymers
(Iannace et al., 1994; Mihai et al., 2007; Kawamoto et al., 2007). The main peak at 17° is
assigned to the (110) and (200) crystal planes based on previous studies of the crystal
structure for PLA, which has been shown to form a pseudo-orthorhombic system
(DeSantis and Kovacs, 1968; Hoogsteen et al., 1990; Brizzolara et al., 1996; Iwata and
Doi, 1999; Furuhashi et al., 2006).
Figure 4.2 displays the WAXD plots for the cast films of the pure PLA and PHA
polymers processed at 190°C. The PHA films are semi-crystalline whereas the PLA film
is amorphous.
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Figure 4.2 Comparison of x-ray diffraction patterns for pure PLA and PHA films
7KHSXUH3+$ILOPVVKRZVHYHUDOSHDNVDWșYDOXHVRIDnd
30.4°. A similar pattern has been observed by other research groups for poly(3HB-co3HV) copolymers (Iannace et al., 1994; Cyras et al., 1999; Galego et al., 2000). The
peaks at 13.4, 17, 22.2, and 25.2° are assigned to the (020), (110), (101), and (121)
planes, respectively based on previous studies of the crystal structure for poly-3HB and
poly(3HB-co-3HV) copolymers, which have been shown to produce an orthorhombic
system (Galego et al., 2000; Skrbic and Divjakovic, 1996; Renstad et al., 1997; Sato et
al., 2004; Wang et al., 1996).
The percent crystallinity of the films was calculated from the ratio of the peak
areas to the total area. For the PHA copolymers, the percent crystallinities were found to
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be 54.55%, 34.97%, and 32.67% for the 5, 8, and 12% HV, respectively. The crystallinity
decreases with increasing 3HV content in the PHA copolymers, as was reported in other
studies of poly(3HB-co-3HV) copolymers (Asrar and Gruys, 2001; Wang et al., 1996;
Holland et al., 1987; Galego et al., 2000; Gursel et al., 1998; Noda et al., 2004). The
decrease in crystallinity is a result of the incorporation of greater concentrations of the
bulkier, longer chain 3HV comonomer into the copolymer. Below 3HV concentrations of
30% in the copolymer, the 3HB is understood to form the primary crystalline phase, so a
larger content of the 3HV will inhibit the nucleation rate and growth of these crystals
(Wang et al., 1996; Bluhm et al., 1986; Bloembergen et al., 1986; Braunegg et al., 1998).
Prior researchers found that increasing the 3HV content from 0 to 20% HV decreases the
crystallization rate and reduces the crystallinity from about 70-80% to 30-40% (Wang et
al., 1996; Bloembergen et al., 1986).
The WAXD plots for the cast films of the blends of the poly(3HB-co-3HV)
polymers with PLA are shown in Figure 4.3. The blends all exhibit peaks in the
diffractograms, which indicate that they are semi-crystalline. The most prominent peak
RFFXUVDWDșYDOXHEHWZHHQ-13.7°, consistent with that of the pure PHA films. The
other peaks for the blends are mostly small and broad but the locations correspond to
those of the pure PHA peaks. Given the locations of the peaks for the PLA/PHA blend
films, the crystallinity in the blends can be attributed to the presence of PHA crystallinity
in the blends. A similar suggestion was made by Furukawa et al. (2005) and Zhang et al.
(1996) for blends of poly(3HB) and PLA. They determined that the PLA in the blend
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exists as amorphous or small, immature crystals that cannot be detected by the WAXD
technique.

(a)
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(b)

(c)
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Figure 4.3 Comparison of x-ray diffraction patterns for blended materials with (a) 5, (b)
8, and (c) 12% HV PHA samples

The tabulated results of the percent crystallinity for the blends are shown in Table
4.1.

Table 4.1 WAXD calculated percent crystallinity for the blend films
% Crystallinity
% Crystallinity
% Crystallinity
(5% HV)
(8% HV)
Sample (% PHA)
(12% HV)
0.380
0
2.37
2.53
10
2.26
9.81
10.2
20
7.76
14.4
13.7
30
12.0
23.3
22.6
50
18.5
54.6
44.0
100
32.7
For the PLA/PHA blends, the data in the table shows that, for a particular PHA
copolymer, the percent crystallinity of the films increases with increasing PHA
concentration in the blend. Performing a regression analysis on the data in Table 4.1, we
find a linear relationship between the crystallinity and the PHA concentration percentage.
A plot of the percent crystallinity versus the PHA weight percent in the blends for the
WAXD results is shown in Figure 4.4. In comparing the various PHA copolymers, the
crystallinity tends to decrease with increasing 3HV content, again due to the longer chain
3HV comonomer hindering crystal formation and growth (Wang et al., 1996; Bluhm et
al., 1986; Bloembergen et al., 1986; Braunegg et al., 1998). The decrease in the
crystallinity becomes more distinguishable as the PHA concentration in the PLA/PHA
blends increases when comparing each of the blends to one another. At low PHA
compositions, however, there is no significant difference between the crystallinities of the
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three PHA materials due to the effect of the high concentration of the PLA in the blends.
The PLA restricts PHA crystal growth (Cyras et al., 1999; Jacobsen and Fritz, 1996;
Furukawa et al., 2005; Zhang et al., 1996), which resulted in a low percent crystallinity
for the 10 and 20% PHA blends, and thus comparable crystallinity values among the
three PHA copolymers.

Figure 4.4 Plot of percent crystallinity versus PHA composition percentage in the blends
for the WAXD results

4.1.2 Differential Scanning Calorimetry (DSC)
In this section, the crystallinity of the films as determined by differential scanning
calorimetry (DSC) is presented. The DSC thermographs for the films of the pure
polymers are presented in Figure 4.5. For pure PLA film, the difference between the
enthalpy of crystallization upon heating and the melt enthalpy is small ± giving a relative
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crystallinity of 1.32% ± and therefore the results agree well with the WAXD results.
Other studies have also shown crystallinity values less than 5% for PLA films (Cai et al.,
1996; Mihai et al., 2007; Ghosh and Vasanthan, 2006; Dorgan et al., 2001; Li and
McCarthy, 1999; Drumright et al., 2000). The PHA polymers display a broad melt
endotherm and display two Tm peaks due to the melting of crystals of different sizes
(Gassner and Owen, 1996; Bloembergen et al., 1989) and re-crystallization during
melting (Cyras et al., 2000; Peesan et al., 2005). The crystallinity of the PHA copolymers
was found to decrease with increasing 3HV content ± from 52.37% for the 5% HV down
to 37.25% for the 12% HV. These values also agree favorably with the WAXD results.

Figure 4.5 DSC thermographs for pure PLA and PHA films
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The DSC thermographs for the cast films of the blends of PLA with the
poly(3HB-co-3HV) polymers are shown in Figure 4.6. The melting peak grows in size
with increasing PHA concentration, indicating a greater degree of crystallinity. This
increase in crystallinity for the blends may be attributed to a greater mobility of the PHA
polymer chains at greater PHA concentrations. The greater mobility results from the
presence of less amorphous PLA chains disrupting the crystallization of the PHA and
enhances crystal formation of the PHA (Cyras et al., 1999; Jacobsen and Fritz, 1996;
Furukawa et al., 2005; Zhang et al., 1996). In the curves for the blends, a shoulder or
second peak begins to appear, indicating melt behavior similar to the pure PHA. The
location of the shoulder changes for the various PHA copolymers due to the positions of
the two melt peaks observed for the pure PHA samples. For the 5% HV blends, the
primary peak occurs at 152°C with the shoulder peak occurring at 164°C. The 8% HV
blends display the primary peak between 152-157°C while the shoulder peak appears
around 140°C. The 12% HV blends show the primary peak at 150°C while the shoulder
peak appears around 135°C. The primary and shoulder peaks for the various blends
coincide with the two peaks observed for the respective pure PHA copolymer present in
the blend. The shoulder peaks become more prominent as the PHA concentration in the
blend increases. The melt endotherms for the blends all lie within the melting range of the
pure PHA films, which again supports the conclusion that the PHA is the primary
component of the blended material crystallizing.
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(a)

(b)
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(c)
Figure 4.6 Comparison of DSC thermographs for blended materials with (a) 5, (b) 8, and
(c) 12% HV PHA samples

Since the PLA shows little crystallinity in the films, it is proposed that the PHA is
crystallizing in the blended films (Furukawa et al., 2005; Zhang et al., 1996). Therefore,
the reference melt enthalpy value of 109 J/g for poly(3HB-co-3HV) (Scandola et al.,
1997) was used to calculate a relative crystallinity for the blends. Scandola et al. (1997)
HVWLPDWHGWKH³FU\VWDOOLQH´HQWKDOS\IRUD+9VDPSOHDQGFRQILUPHGWKHYDOXH
was consistent with values determined for PHBV copolymers of other compositions ± 8,
19, & 34% HV ± so the 109 J/g was assumed to be independent of HV concentration for
the purposes of this analysis. The tabulated results from these calculations are presented
in Table 4.2.
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Table 4.2 DSC calculated percent crystallinity for the blend films
% Crystallinity
% Crystallinity
% Crystallinity
(5%
HV)
(8%
HV)
Sample (% PHA)
(12% HV)
1.32
0
4.88
4.72
10
4.13
10.2
9.36
20
9.81
15.2
13.1
30
11.6
25.6
19.4
50
18.2
52.4
40.8
100
37.3
The values agree quite favorably with those obtained using WAXD, and confirm an
increase in percent crystallinity with increasing PHA concentration in the blends.
Performing a regression analysis of the data in Table 4.2, we again find a linear
relationship between the crystallinity and the PHA concentration percentage. A plot of
the percent crystallinity versus the PHA weight percent in the blends for the DSC results
is shown in Figure 4.7. In comparing the various blends in Table 4.2 for the different
PHA materials, the crystallinity, as expected, decreases with increasing 3HV content. The
differences between the three PHA polymers become more distinguishable as the PHA
concentratiom in the blends increases.
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Figure 4.7 Plot of percent crystallinity versus PHA composition percentage in the blends
for the DSC results

4.2 Miscibility of PLA and PHA
The properties of a blended system are highly influenced by the miscibility of the
polymers (Utracki, 2002). Therefore, it is important to know whether the components are
completely miscible, partially miscible, or immiscible. If the polymers are immiscible,
then the properties will depend on the morphology and adhesion strength between the
two separate phases in addition to the properties of the individual polymers (Utracki,
2002; Bonner and Hope, 1993). In this section, the miscibility of PLA and PHA in the
blends is reported. The miscibility of the polymers is determined by examining the Tg of
the blends using DSC and observing the morphology of the cross section of the films
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using SEM (Utracki, 2002; Bonner and Hope, 1993; Iannace et al., 1994; Zhang et al.,
1996; Ferreira et al., 2000; Takagi et al., 2004; Schreck and Hillmyer, 2007).

4.2.1 Glass Transition Temperature
In this section, the measured glass transition temperature (Tg) for the films is
presented as one method to examine the miscibility of the PLA and PHA. Figure 4.8
shows the second heating scan in the DSC experiments for the 12% HV based blends in
order to investigate the Tg after erasing the thermal history of the films.

Figure 4.8 Second heating scan DSC thermograms displaying the glass transition
temperatures (Tg) of each homopolymer for the 12% HV blends
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The pure PHA displays a small transition between -10°C and 0°C , whereas the pure PLA
displays a transition around 60°C. For the blends of PLA and PHA, we observe two
distinct glass transitions characteristic of immiscible polymers (Utracki, 2002; Zhang et
al., 1996). However, there is a consistent decrease in the temperature for the second
transition with increasing PHA concentration. The reduction of the Tg does not follow the
well-known Fox equation for miscible polymer blends (Fox, 1956). Therefore, rather than
indicating partial miscibility of the polymers, the systematic changes in the T g may be
due to interactions between the amorphous and crystalline regions in the blend, or,
alternatively, may be due to an increase in mobility resulting from the increase in PHA
concentration as was suggested in previous studies (Iannace et al., 1994; Zhang et al.,
1996; Cyras et al., 1999; Furukawa et al., 2006; Blumm and Owen, 1995). Similar results
were obtained for the blends containing the other two PHA copolymers.

4.3.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy was also employed to investigate how the PHA
was dispersed in the PLA matrix and as a tool for examining the miscibility of the two
polymers. Figure 4.9 shows a comparison of representative cross sections of the films for
the 12% HV blends. The cross section of the film was studied because it provided a better
understanding of the blend phase separation than could be determined examining only the
surface of the films. The cross sections of the pure PLA and PHA films are smooth and
continuous throughout ± as compared to the blend films which display void regions in the
morphology. The voids or "holes" that are seen in the images are representative of a
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phase separation between the PHA and PLA as described in other studies (Schreck and
Hillmyer, 2007; Takagi et al., 2004; Ferreira et al., 2001; Iannace et al., 1994; Zhang et
al., 1996).

(a)

(b)

(c)

(d)

(e)

(f)
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Figure 4.9 SEM images of the film cross section for the 12% HV blends at 2000x
magnification: (a) PLA, (b) 10% PHA, (c) 20% PHA, (d) 30% PHA, (e) 50% PHA, (f)
PHA

An estimate of the hole density in two-dimensions was made by calculating the ratio of
area occupied by the holes to the total area, measured using high magnification SEM
images for each of the blends as shown in Figure 4.10. The holes were approximated as
being circular to simplify the calculation. Values of the hole density for the 10, 20, 30,
and 50% PHA films were 0.09, 0.15, 0.18, and 0.40, respectively. The greater hole
density resulted from the larger size distribution of the PHA phase due to more
agglomeration of nearby PHA particles as the PHA concentration increased. The hole
density was observed to increase with increasing PHA concentration in previous studies
as well; however, calculations were not performed to quantify this trend in those studies
(Schreck and Hillmyer, 2007; Takagi et al., 2004; Ferreira et al., 2001; Iannace et al.,
1994; Zhang et al., 1996). The increase in hole density with increasing PHA
concentration in the blends indicates a greater phase separation between the PLA and
PHA with increasing PHA concentration and less interfacial adhesion between the two
components (Utracki, 2002; Schreck and Hillmyer, 2007; Ferreira et al., 2001).
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(a)

(b)

(c)
(d)
Figure 4.10 SEM images of the film cross section for the 12% HV blends at 5000x
magnification: (a) 10% PHA, (b) 20% PHA, (c) 30% PHA, and (d) 50% PHA

4.3 Mechanical Properties
This section presents the mechanical properties of the films as determined by
WHQVLOH WHVWV RQ WKH ILOPV 7KH XOWLPDWH WHQVLOH VWUHQJWK <RXQJ¶V PRGXOXV DQG SHUFHQW
elongation for the films are reported. The impact on these properties by varying the PHA
concentration in the blended systems and varying the 3HV content of the PHA copolymer
are discussed. The results for the blends are compared to the pure polymer results to
examine the effects of blending each of the PHA materials with the PLA.
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Figure 4.11 displays representative stress-strain curves for the different 5, 8, and
12% HV blends, respectively, to illustrate the typical response observed for these
materials during the tensile tests.

(a)
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(b)

(c)
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Figure 4.11 Comparison of stress-strain curves for the blended materials with (a) 5, (b) 8,
and (c) 12% HV PHA samples

The PLA films and the PLA/PHA blend films all exhibit a yield point followed by some
degree of cold drawing of the film while the pure PHA films display a curve
characteristic of a brittle material (Anderson, 2004; Cyras et al., 2000; Galego et al.,
2000; Iannace et al., 1994). One of the main reasons for this brittle behavior for the pure
PHA films is the high degree of crystallinity, which limits the ductile behavior for the
poly(3HB-co-3HV) copolymers (Anderson, 2004). For the PLA and blends, the yield
stress corresponds to the tensile strength, whereas for the PHA the stress at break is equal
to the tensile strength. The yield stress and tensile strength are observed to decrease with
increasing PHA concentration in all the blends. However, the elongation to break exhibits
a maximum for the 10% PHA composition. Other researchers have found similar results
for PLA/PHA blends in which the polymers undergo substantial ductile plastic
deformation at concentrations between 10 to 20 percent PHA (Iannace et al., 1994; Noda
et al., 2004; Anderson, 2004; Schreck and Hillmyer, 2007). At low PHA concentrations,
the PHA particles are better dispersed throughout the PLA matrix leading to good
interfacial adhesion between the two polymers at low compositions of PHA in the blends
(Iannace et al., 1994; Anderson, 2004; Schreck and Hillmyer, 2007). The better particle
dispersion for the low PHA concentrations in the blends was confirmed in the SEM
analysis shown in the previous section where a smaller size distribution was observed in
Figures 4.9 and 4.10 for the 10 and 20% blends and less agglomeration of the PHA
particles occurred. The increase in the hole density observed with increasing
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concentrations in the blends signifies a greater phase separation between the PLA and
PHA with increasing PHA concentration and less interfacial adhesion between the two
components (Utracki, 2002; Schreck and Hillmyer, 2007; Ferreira et al., 2001).
The trends observed between the blends with various PHA concentrations are
discussed in more detail following the tabulated results shown in Tables 4.3, 4.4, and 4.5
for the 5, 8, and 12% HV blends, respectively. In comparing the three different PHA
copolymers, the stress-strain curves show some slight variations, but since the differences
are small they are more closely examined after the tabulated results are presented as well.

Table 4.3 Tensile properties of the films for various PHA concentration 5% HV blends
Young's Modulus
Elongation
Tensile Strength
Sample (% PHA)
(GPa)
(%)
(MPa)
0
0.94
21.2
53.6
10
1.24
46.0
50.3
20
1.05
27.5
48.6
30
0.91
30.8
41.8
50
0.78
17.2
34.4
100
0.81
2.42
16.0
Table 4.4 Tensile properties of the films for various PHA concentration 8% HV blends
Young's Modulus
Elongation
Tensile Strength
Sample (% PHA)
(GPa)
(%)
(MPa)
0
0.94
21.2
53.6
10
0.92
48.1
54.8
20
0.98
28.4
44.7
30
0.84
31.9
43.0
50
0.78
20.6
32.5
100
0.72
2.54
12.4
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Table 4.5 Tensile properties of the films for various PHA concentration 12% HV blends
Young's Modulus
Elongation
Tensile Strength
Sample (% PHA)
(GPa)
(%)
(MPa)
0
0.94
21.2
53.6
10
0.96
42.5
53.0
20
0.84
31.0
41.4
30
0.92
23.5
38.6
50
0.76
17.5
33.6
100
0.68
2.96
11.7

For each of the different PHA copolymers investigated, the tensile strength and
modulus of the blends decrease with increasing PHA concentration in the blend. The
percent elongation is improved versus the pure PLA and PHA but reaches a maximum at
the 10% PHA composition as mentioned previously. The modulus and tensile strength
tend to decrease with increasing 3HV content in the PHA copolymer. This may be
attributed to the increased flexibility observed with increasing 3HV content. Previous
work examining the mechanical properties of PHA films demonstrates that by
incorporating more 3HV comonomer the flexibility of the material can be improved, and
the polymer will behave more elastically (Asrar and Gruys, 2001; Wang et al., 1996;
Galego et al., 2000; Gursel et al., 1998). The greater flexibility is largely caused by the
decrease in crystallinity of the polymers with increasing 3HV content in the polymer
(Gursel et al., 1998; Asrar and Gruys, 2001). The amorphous chains and tie molecules are
more flexible than the chains within the crystalline structures, and are therefore able to be
stretched to higher strains (Satkowski et al., 2002). The increased flexibility is also due in
part to the structure of the 3HV, in which the longer side chain allows the polymer chains
to move around more freely and acts to reduce the nucleation and growth of 3HB crystals
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(Satkowski et al., 2002; Choi et al., 1999; Bluhm et al., 1986; Wolf, 2005; Bhattacharya
et al., 2005; Asrar and Gruys, 2001). The reduced crystal growth can be advantageous for
the mechanical properties because smaller crystals are produced, which are more flexible
than large crystals that are prone to brittle failure at the grain boundaries (Asrar and
Gruys, 2001).
The pure PLA film displayed similar results to previous studies on PLA films, in
which the tensile strength ranged between 40-60 MPa, the modulus was between 1-3
GPa, and the elongation was between 4-15% (Bhattacharya et al., 2005; Rhim et al.,
2006; Drumright et al., 2000; Dorgan et al., 2000). The pure PHA films exhibited tensile
properties slightly lower than results in previous studies for poly(3HB-co-3HV) films,
where the values reported ranged between 20-30 MPa for the tensile strength, 0.8-2.0
GPa for the modulus, and 10-30% elongation depending on the 3HV content in the
copolymer (Avella et al., 2000; Bhattacharya et al., 2005; Philip et al., 2007). However,
in these previous studies the films were prepared by a solvent casting method. According
to Asrar and Gruys (2001), solvent casting does not result in properties that correlate well
with the properties of (the more important commercial) melt processed films. The solvent
cast films typically contain about 10% solvent which acts as a plasticizer and results in a
considerably more ductile film (Rhim et al., 2006; Asrar and Gruys, 2001). In previous
studies of compression molded poly(3HB-co-3HV) films, the processing temperature was
found to impact the final properties of the films (Wang et al., 1996; Galego et al., 2000).
Galego et al. (2000) processed films at a temperature of 175°C, which displayed
comparable values for the percent elongation as were obtained in this work. Wang et al.
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(1996) determined that processing temperatures at or slightly below the T m (~150°C) for
the polymers produce films with the best mechanical properties and found that the
elongation to break decreases with increasing processing temperature. Therefore, the
elevated temperature of 190°C used in this work to process the PHA films contributed to
their low elongation to break. A temperature of 190°C was used in order to remain
consistent with the processing temperature that was employed in producing the various
blends. Some preliminary experiments were performed at temperatures below 190°C;
however, small particulates were observed in the extruded material indicating that the
polymers had not completely melted.
Blending PLA and PHA resulted in films with improved tensile properties
compared to the pure materials in several cases. The modulus decreases slightly (by about
15%) with increasing PHA concentration in the blended films ± consistent with prior
research of PLA and PHA blends (Iannace et al., 1994; Zhang et al., 1996; Focarete et al.,
2002; Noda et al., 2004). The tensile strength remains similar to that of the pure PLA for
the 10% PHA blends (Takagi et al., 2004; Noda et al., 2004), but then tends to decrease
with further increasing PHA concentration in the blends. Above a 10% PHA
concentration, there is a more marked decrease in the tensile strength due to poorer
interfacial adhesion between the PLA and PHA at large concentrations of PHA in the
blends (Iannace et al., 1994; Anderson, 2004). Therefore, incorporating 10% PHA in the
blend was determined to be the optimum composition to enhance the elongation without
compromising the strength and therefore significantly improves the toughness of the
material.
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In comparison to conventional polymers such as PET, polypropylene,
polyethylene, and polystyrene, the PLA displays some similar mechanical properties,
including strength and modulus. Table 4.6 shows a comparison of the properties
measured in this work for PLA, PHA, and PLA/PHA blends to typical values observed
for conventional fossil fuel-based materials (Bhattacharya et al., 2005; Tsuji, 2001;
www.matweb.com, March 16, 2009).

Table 4.6 Comparison of mechanical properties of PLA and PHA to conventional fossil
fuel-based polymers
Modulus
Tensile Strength
Material
Elongation (%)
(GPa)
(MPa)
PLA
21
1
54
Poly(3HB-co-3HV)
2.4-3
0.7-0.8
12-16
Blends of PLA/PHA
17-48
0.8-1.2
32-54
Poly-hydroxybutyrate
5
2-3.5
40-50
LDPE
300-800
0.1-0.25
4-15
LLDPE
900
0.05-.1
13-28
HDPE
400-1200
0.4-1.5
20-30
PET
100-300
2-4
40-60
Polypropylene
400-600
1-2
30-40
Polystyrene
3-5
3-4
35-60

The elongation of PLA, PHA, and PLA/PHA blends is significantly lower than
conventional materials. However, the modulus for the PLA, PHA, and blends is similar to
that of HDPE and polypropylene. The tensile strength for PLA and the blends is similar
to PET, polystyrene, and polypropylene while that for the PHA is similar to the
polyethylene materials. Through blending the PLA with PHA, the modulus and tensile
VWUHQJWKFDQEHUHGXFHGWRLQFUHDVHWKHPDWHULDO¶VIOH[LELOLW\DQGWKHHORQJDWLRQFDQDOVR
be adjusted by varying the PHA concentration in the blend. The blends exhibit a tensile
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strength similar to PET, polystyrene, and polypropylene and a modulus comparable to
polypropylene and HDPE. Therefore, the property window availability through the use of
PLA/PHA blends is expanded as compared with the pure polymers.

4.4 Uniaxially Stretched Films
Uniaxial stretching causes orientation within the polymer structure, often inducing
crystal formation, and provides a method to manipulate the properties of films postprocessing (Pearson, 1985; Tadmor and Gogos, 1979; Mulligan and Cakmak, 2005;
Fischer et al.,   7KH FU\VWDOOLQLW\ KDV D PDMRU LPSDFW RQ D PDWHULDO¶V PHFKDQLFDO
barrier, and optical properties and therefore is an important consideration for processing
(Tadmor and Gogos, 1979; Pearson, 1985; Mills, 1997). For example, PLA is known to
exhibit significant strain-induced crystallization in response to uniaxial or biaxial
stretching processes (Palade et al., 2001; Drumright and Gruber, 2000; Cakmak et al.,
2000; Lee et al., 2001). In this section, the properties of the uniaxially stretched PLA and
blended films are presented. The impact on the properties of the blended systems by
varying the PHA concentration and the 3HV content of the PHA copolymer are
discussed, as well as the effects of the process conditions. In particular, the blended films
with the 8 and 12% HV PHA polymers are examined to provide a representative
comparison in order to determine the influence of the 3HV content. The results for the
blends are compared to the pure PLA results to examine the effects of blending each of
the PHA materials with the PLA. In general, pure poly(3HB) and poly(3HB-co-3HV)
films produced by melt processing are brittle and will break even at elevated
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temperatures before orientation can be imparted to the polymer chains (Holmes, 1988;
Iwata, 2005). In this study, uniaxial stretching was not able to be performed on the pure
PHA films due to this brittleness.

4.4.1 Effect of Process Variables on the Film Properties
In this section, the effects of the process variables available in uniaxial stretching
± stretch ratio, temperature, and soak time ± on the resultant film properties are analyzed.
(The stretch rate was found to have minimal impact on the tensile properties, and is
excluded from this discussion. Some results can be found in Appendix B.) In particular,
the crystallinity and tensile properties of the uniaxially stretched PLA and blended films
are discussed. Because the crystallinity has a large impact on the mechanical properties of
a polymer film, WAXD results are presented first in order to interpret trends observed for
the mechanical properties of the films. The tabulated results for the average of all the
trials performed at the various conditions are displayed in Appendix C. The values
previously discussed from Tables 4.4 and 4.5 in Section 4.2 are used for the unstretched
samples ± i.e. a stretch ratio of 1:1.

4.4.1.1 Effect of Stretch Ratio
In this section, the effects of varying the stretch ratio ± defined as the ratio of the
final length of the oriented film to the original length of the film before being stretched ±
on the tensile properties and crystallinity are discussed. Films were stretched in the
machine direction to stretch ratios of 2:1, 3:1, and 4:1. The other conditions remained
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constant throughout these trials and included a temperature of 60°C, soak time of 3
minutes, and stretch rate of 10 mm/s. The crystallinity was found to increase with
increasing stretch ratio for the films, as illustrated in the WAXD plots shown in Figures
4.12, 4.13, and 4.14 for the uniaxially oriented PLA, 8% HV blends, and 12% HV blends,
respectively. The tabulated results for the crystallinity are listed in Table 4.7. The
RULHQWHGVDPSOHVDOOH[KLELWDVWURQJSHDNLQWKH:$;'GLIIUDFWRJUDPVDWDșEHWZHHQ
16.5-17°, which is characteristic of the crystal structure of PLA (Iannace et al., 1994;
Mihai et al., 2007; Kawamoto et al., 2007). As noted above from previous research and
the fact that the PLA WAXD peaks are much more prominent in the plots below, PLA
exhibits significant strain-induced crystallization during the stretching process (Palade et
al., 2001; Drumright and Gruber, 2000; Cakmak et al., 2000; Lee et al., 2001). Therefore,
the PLA in the blends is definitely able to form more readily into crystals in the stretching
process. It does not make up the entire crystal structure of the blends now but it makes up
a large part of it. In the blends, a SHDNFRUUHVSRQGLQJWR3+$FU\VWDOOLQLW\DWDșRI
is observed to increase in intensity with increasing PHA concentration in the blends.
Other, broader peaks characteristic of the PHA crystal structure also appear in the
WAXD diffractograms as the PHA concentration in the blends increases.
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Figure 4.12 Comparison of x-ray diffraction patterns for uniaxially oriented PLA films at
a temperature of 60°C, soak time of 3 minutes, rate of 10 mm/s, and stretch ratios 2:1,
3:1, and 4:1

(a)

(b)
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(c)
(d)
Figure 4.13 Comparison of x-ray diffraction patterns for uniaxially oriented 8% HV
blend films ± (a) 10% PHA, (b) 20% PHA, (c) 30% PHA, and (d) 50% PHA ± at a
temperature of 60°C, soak time of 3 minutes, rate of 10 mm/s and stretch ratios 2:1, 3:1,
and 4:1

(a)

(b)

(c)
(d)
Figure 4.14 Comparison of x-ray diffraction patterns for uniaxially oriented 12% HV
blend films ± (a) 10% PHA, (b) 20% PHA, (c) 30% PHA, and (d) 50% PHA ± at a
temperature of 60°C, soak time of 3 minutes, rate of 10 mm/s and stretch ratios 2:1, 3:1,
and 4:1
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Table 4.7 Comparison of crystallinity for unstretched and uniaxially oriented PLA, 8%
HV and 12% HV blend films at various stretch ratios
% Crystal lini ty
Stretch Ratio
8% HV 12% HV
0.38
1:1
30.0
2:1
PLA
41.2
3:1
50.0

4:1

10% PHA

20% PHA

30% PHA

50% PHA

1:1

2.3

2.5

2:1

43.4

30.1

3:1

48.7

56.5

4:1

54.9

59.0

1:1

10.2

7.8

2:1

34.6

23.9

3:1

44.3

40.4

4:1

51.6

46.0

1:1

13.7

12.0

2:1

35.7

31.3

3:1

42.2

41.4

4:1

47.3

45.1

1:1

22.6

18.5

2:1

27.9

28.3

3:1

37.3

34.3

4:1

42.6

40.6

The stress-strain behavior of the pure PLA films at the various stretch ratios is
displayed in Figure 4.15. Figure 4.15 indicates that, for the PLA films, the stretched films
exhibited strain hardening behavior due to the orientation or crystallinity imparted to the
films whereby the stress increased rapidly with increasing strain. The slope of the strain
hardening region increased sharply with increasing stretch ratio.
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Figure 4.15 Comparison of stress-strain curves for the PLA films. Temperature of 60°C,
a soak time of 3 minutes, rate of 10 mm/s and stretch ratios 1:1, 2:1, 3:1, and 4:1

The films stretched at a ratio of 4:1 exhibited significantly greater strain hardening
behavior than those at the lower stretch ratios. The modulus, yield stress, and tensile
strength of the PLA films increased with increasing stretch ratio due to a higher degree of
orientation and crystallinity induced in the films during stretching at higher stretch ratios
(Cakmak et al., 2000; Mulligan and Cakmak, 2005; Cicero et al., 2002; Kokturk et al.,
2002; Iwata, 2005).
The blends qualitatively displayed similar stress-strain behavior to the PLA films
at the various stretch ratios. The slope of the strain hardening region increased with
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increasing stretch ratio, as shown in Figures 4.16 and 4.17 for the 8% HV and 12% HV
blends, respectively. Quantitatively, the blends showed significantly greater elongations
and slight increases in the modulus and tensile strength versus the pure PLA stretched
films at the same stretch ratio. For the blends, the degree of strain hardening increased
with increasing stretch ratio, as did the modulus, yield stress (if one was present), and
tensile strength of the blend films.

(a)

(b)

(c)
(d)
Figure 4.16 Comparison of stress-strain curves for the 8% HV blend films containing (a)
10% PHA, (b) 20% PHA, (c) 30% PHA, and (d) 50% PHA. Temperature of 60°C, a soak
time of 3 minutes, rate of 10 mm/s and stretch ratios 1:1, 2:1, 3:1, and 4:1
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(a)

(b)

(c)
(d)
Figure 4.17 Comparison of stress-strain curves for the 12% HV blend films containing
(a) 10% PHA, (b) 20% PHA, (c) 30% PHA, and (d) 50% PHA. Temperature of 60°C, a
soak time of 3 minutes, rate of 10 mm/s and stretch ratios 1:1, 2:1, 3:1, and 4:1

The average results for the mechanical properties (determined from 5 trials) for all
the trials at the different stretch ratios are summarized in Table 4.8.
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Table 4.8 Comparison of tensile properties for unstretched and uniaxially oriented PLA,
8% HV and 12% HV blend films at various stretch ratios
Stretch Ratio
1:1
PLA

10% PHA

20% PHA

30% PHA

50% PHA

% Elon gation
Y ou ng's M odulus (GPa)
8% HV 12% HV
8% HV
12% HV
21.2
0.97

Tensile S tren gth (M Pa)
8% HV
12% HV
53.6

2:1

39.9

0.94

71.5

3:1

59.4

1.27

87.5

4:1

57.0

1.48

139.0

1:1

48.1

42.5

0.92

0.96

54.8

53.0

2:1

75.0

78.2

1.30

1.43

76.1

85.9

3:1

62.0

125.5

1.82

1.36

88.7

121.7

4:1

53.0

111.3

2.15

1.51

124.3

128.5

1:1

28.4

31.0

0.98

0.84

44.7

41.3

2:1

110.5

181.4

1.30

2.24

79.5

121.3

3:1

102.3

189.0

1.45

1.27

121.2

108.5

4:1

66.3

116.0

1.52

1.65

164.0

130.5

1:1

32.0

23.5

0.84

0.92

43.0

38.6

2:1

44.4

211.7

1.21

1.11

56.2

71.0

3:1

45.8

168.3

1.27

1.36

76.9

123.4

4:1

31.1

104.3

1.48

1.43

111.5

146.1

1:1

20.6

17.5

0.78

0.76

32.3

33.6

2:1

75.2

43.2

1.03

1.06

79.0

81.9

3:1

44.8

60.8

1.27

1.45

134.5

125.6

4:1

56.4

63.4

1.28

1.60

148.8

121.1

The values obtained for the tensile properties of the stretched PLA films in this study are
comparable to those for biaxially oriented PLA films oriented to a stretch ratio of 3.5X in
the MD and 5X in the TD (Drumright et al., 2000; Mehta et al., 2005). These films
displayed a tensile strength of 110 MPa, modulus of 3.0 GPa, and elongation-to-break of
160%. In general, the stretched films for the blends were found to display a greater
elongation, modulus, and tensile strength than the pure PLA stretched films. For both the
8 and 12% HV, the 10% PHA blends generally produced films with the greatest values
for the modulus, tensile strength, and crystallinity at the various stretching conditions.
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Above this concentration of PHA in the blend, except for a few exceptions, the properties
generally decreased. This result is consistent with the unstretched films where the 10%
PHA concentration was found to increase the elongation without reducing the strength
and modulus. However, the tensile strength and modulus for the unstretched 10% PHA
films did not increase versus the pure PLA films due to the lack of strain hardening in the
unstretched films.
Comparing the two PHA polymers, the 12% HV stretched films tended to display
greater elongation properties than the 8% HV stretched films. The 10, 20, and 30% PHA
concentrations with the 12% HV sample showed a considerably larger elongation than
the 8% HV sample for each of the stretch ratios tested ± up to 2-4 times the elongation of
the 8% films in the case of the 20 and 30% blends. As mentioned previously, a greater
3HV comonomer concentration increases the percent elongation and the toughness as a
result of the greater flexibility of the polymer and decrease in crystallinity with increasing
3HV content (Conti et al., 2006; Asrar and Gruys, 2001; Wang et al., 1996; Holland et
al., 1987; Galego et al., 2000; Gursel et al., 1998; Noda et al., 2004). In most cases, the
8% HV films had higher values for the crystallinity, which in turn led to a greater tensile
strength than the 12% HV films. In a few cases, however, the 12% HV films displayed a
higher tensile strength, which was due to the greater elongation to break. The increase in
elongation resulted in a greater degree of strain hardening to be attained, and therefore a
higher tensile strength was displayed.
The elongation to break is also influenced by the stretch ratio, whereby the
elongation can be significantly improved by the drawing process versus the unstretched
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samples. The elongation at break reaches a maximum elongation generally at a stretch
ratio of 2:1 or 3:1 and then decreases at higher stretch ratios (Cicero et al., 2002; Fischer
et al., 2004). The improvement in elongation ± greater than 100% elongation in several
cases ± was suggested to be due to the polymer chains in the amorphous and crystalline
regions aligning in the direction of the applied deformation (Iwata, 2005; Fischer et al.,
2004). The orientation of the crystalline chains provides more freedom for the amorphous
chains to be stretched to greater strains during the tensile tests.

4.4.1.2 Effect of Temperature
In this section, the effects of varying the temperature at which the polymer is
stretched on the tensile properties and crystallinity are discussed. Films were stretched at
temperatures of 60 and 100°C. The other conditions used included a constant stretch ratio
of 2:1, soak time of 3 minutes, and stretch rate of 10 mm/s. The influence of temperature
on the crystallinity is demonstrated in the tabulated results shown in Table 4.9 for the
uniaxially oriented films at different temperatures for PLA, 8% HV blends, and 12% HV
blends.
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Table 4.9 Comparison of crystallinity for unstretched and uniaxially oriented PLA, 8%
HV and 12% HV blend films at various temperatures
% Crystal lini ty
Temp erature
8% HV 12% HV
30.0
60°C
PLA
22.0
100°C
10% PHA
20% PHA
30% PHA
50% PHA

60°C

43.4

30.1

100°C

32.1

38.4

60°C

34.6

23.9

100°C

24.5

27.7

60°C

35.7

31.3

100°C

24.9

28.3

60°C

27.9

28.3

100°C

*

28.1

The crystallinity generally decreases with the increase in temperature, although
some exceptions will be discussed below. The reason for the diminished crystallinity with
increasing temperature is due to the variation of the crystal growth rate with temperature.
The ideal stretching temperature to obtain highly oriented PLA films is in the range
between 60 to 80°C, where the polymer displays a maximum spherulite growth rate
(Kokturk et al., 2002; Mulligan and Cakmak, 2005; Lee et al., 2001). For poly(3HB-co3HV), the optimum temperature was determined to be 75°C (Iwata, 2005). The
temperature of 60°C was closer to the temperatures at which the optimum crystal growth
rate for both polymers was observed and therefore resulted in a greater crystallinity than
the films stretched at 100°C. Due to the fluctuation of the temperature controller used
with the oven heaters on the biaxial stretcher, an exact temperature could not be
maintained. For example, when the temperature was set at 60°C, the actual temperature
varied between 58 to 78°C, as measured by a thermocouple inside the oven. Therefore, it
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was not possible to isolate the specific ideal stretching temperatures to maximize the
crystallinity and orientation that could be achieved.
Deviations to the trend of decreasing crystallinity with increasing temperature
were found for the 10 and 20% blends with the 12% HV PHA copolymer. In these
blends, it is thought that the higher temperature promoted growth of numerous large
crystallites in the films (Daniels, 1989; Asrar and Gruys, 2002). Other researchers have
found higher temperatures can cause both increases and decreases in crystallinity
depending on the polymer being stretched (Lee et al., 2001). A higher degree of
orientation or crystallinity has been observed when amorphous PLA films were stretched
at lower temperatures ± between 60-80°C ± due to the slower relaxation time, which
allows more of the polymer chains to form into crystals (Lee et al., 2001). However,
semi-crystalline PLA films displayed more orientation and crystallinity at higher
temperatures ± greater than 80°C ± due to a greater ability to deform the pre-existing
crystallites at the higher temperatures (Lee et al., 2001). Therefore, the effect of
temperature on the properties of the uniaxially oriented films can vary depending on the
polymer studied.
The mechanical properties, averaged over the five trials, at temperatures of 60°C
and 100°C are summarized in Table 4.10. Increasing the temperature was shown to result
in a lower elongation, modulus, and strength for most of the samples. The decrease in
modulus and strength is primarily due to a reduction in the crystallinity when the
temperature was increased (Iwata, 2005). However, although the crystallinity was
reduced, the films stretched at 100°C were very brittle and displayed a significantly lower
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percent elongation than the films stretched at 60°C. Stretching the films at a higher
temperature enhances the mobility of the polymer chains during the orientation process,
but results in the growth of larger crystallites and causes a lower nucleation rate (Asrar
and Gruys, 2002). The large crystallites lead to embrittlement of the material due to the
large grain boundaries, which concentrate the stress at the boundaries and lead to fracture
at those points (Daniels, 1989; Asrar and Gruys, 2002).

Table 4.10 Comparison of tensile properties for unstretched and uniaxially oriented PLA,
8% HV and 12% HV blend films at various temperatures
Temp erature
60°C

PLA

% El on gation
Y ou ng's M odulus (GPa)
8% HV 12% HV
8% HV
12% HV
39.9
0.94
7.7

100°C
10% PHA
20% PHA
30% PHA
50% PHA

Tensile S tren gth (M Pa)
8% HV
12% HV
71.5

0.83

56.9

60°C

75.0

78.2

1.30

1.43

76.1

85.9

100°C

40.0

10.9

1.20

1.42

88.4

65.6

60°C

110.5

181.4

1.30

2.24

79.5

121.3

100°C

29.1

18.8

1.70

1.50

72.7

43.7

60°C

44.4

211.7

1.21

1.11

56.2

71.0

100°C

29.4

10.0

1.13

1.07

58.1

33.3

60°C

75.2

43.2

1.03

1.06

79.0

81.9

100°C

*

10.3

*

1.36

*

54.4

Comparing results from the two PHA polymers, the 12% HV films tended to
display greater elongation and tensile strength than the 8% HV films for those stretched
at 60°C. Again, the greater 3HV comonomer content typically increases the percent
elongation and toughness as a result of the greater flexibility of the polymer and lower
crystallinity as 3HV content increases. The 12% HV films displayed a greater tensile
strength than the 8% HV films stretched at 60°C, due to the larger elongation to break for
the 12% films, which enabled a higher degree of strain hardening to be achieved and
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ultimately a greater tensile strength. However, the 8% HV displayed a greater tensile
strength at a temperature of 100°C. The reason for this phenomenon is due to a reversal
of the trend in the elongation to break of the films stretched at 100°C, where the 8% HV
displayed a larger elongation and allowed a greater tensile strength to be reached due to
the strain hardening which results in higher stresses as the elongation increases. The
lower elongation and therefore lower tensile strength for the 12% HV at 100°C could be
related to the embrittlement of the films due to the slightly larger crystallinity in the 12%
HV stretched films. The 12% HV films at 100°C were more brittle than the 8% HV films,
which may have been a result of the growth of larger crystallites than in the 8% HV
films. The large grain boundaries for these crystals would concentrate the stress at the
boundaries and result in a brittle fracture at a lower elongation and therefore lower tensile
strength (Daniels, 1989; Asrar and Gruys, 2002).

4.4.1.3 Effect of Soak Time
In this section, the effects of varying the soak time in the oven prior to stretching
the films on the tensile properties and crystallinity are discussed. Films were stretched
with soak times of 3 and 10 minutes prior to stretching. The other conditions used
included a constant stretch ratio of 2:1, temperature of 60°C, and stretch rate of 10 mm/s.
The influence of soak time on the crystallinity of the PLA, 8% HV blends, and 12% HV
blends is demonstrated in the tabulated results listed in Table 4.11.
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Table 4.11 Comparison of crystallinity for unstretched and uniaxially oriented PLA, 8%
HV and 12% HV blend films at various soak times
% Crystal lini ty
S oak Time
8% HV 12% HV
30.0
3 min
PLA
37.1
10 mi n
10% PHA
20% PHA
30% PHA
50% PHA

3 min

43.4

30.1

10 mi n

50.5

43.1

3 min

34.6

23.9

10 mi n

40.9

27.9

3 min

35.7

31.3

10 mi n

25.7

33.9

3 min

27.9

28.3

10 mi n

32.5

27.1

The crystallinity tends to increase as the soak time is increased from 3 minutes to 10
minutes. The greater crystallinity develops as a result of the greater mobility of the
polymer chains because of the longer soak time (Mulligan and Cakmak, 2005). The
added mobility allows the chains to arrange more easily into a crystalline network upon
stretching (Mulligan and Cakmak, 2005).
The average results for the mechanical properties of the five trials at soak times of
3 and 10 minutes are summarized in Table 4.12. As can be seen in the table, increasing
the soak time resulted in lower elongation and strength, but minimal change in the
modulus. The reduced elongation is a result of an increase in the crystallinity of the films
with increasing soak time. The lower tensile strength observed is caused by the strain
hardening effect discussed previously, in which a greater elongation to break allows a
greater degree of strain hardening to be reached. Therefore, a higher tensile strength is
displayed for the films at a soak time of 3 minutes since they achieved greater
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elongations. Between the two PHA polymers, the 12% HV films tended to display a
greater elongation, modulus, and tensile strength than the 8% HV films.

Table 4.12 Comparison of tensile properties for unstretched and uniaxially oriented PLA,
8% HV and 12% HV blend films at various soak times
S oak Time
3 min

PLA

% El on gation
Y ou ng's M odulus (GPa)
8% HV 12% HV
8% HV
12% HV
39.9
0.94

10% PHA
20% PHA
30% PHA
50% PHA

0.86

26.5

10 min

Tensile S tren gth (M Pa)
8% HV
12% HV
71.5
60.7

3 min

75.0

78.2

1.30

1.43

76.1

85.9

10 min

23.0

64.1

1.40

1.70

61.1

87.2

3 min

110.5

181.4

1.30

2.24

79.5

121.3

10 min

93.6

113.2

1.30

2.10

67.9

76.0

3 min

44.4

211.7

1.21

1.11

56.2

71.0

10 min

25.2

217.9

1.08

1.14

55.8

84.6

3 min

75.2

43.2

1.03

1.06

79.0

81.9

10 min

27.8

55.9

0.98

1.14

67.1

98.1

4.5 Summary
The structure-property relationships for bio-based polymer films composed of
PLA and PHA processed on a lab-scale cast film extruder have been investigated. Under
the conditions investigated, the pure PLA film was found to be amorphous, whereas the
PHA and blend films were semi-crystalline. The blends showed an increase in
crystallinity with increasing PHA concentration, and the relationship between the
crystallinity and the PHA composition percentage was found to be approximately linear.
The crystallinity in the blends was attributed to the formation of PHA crystals based on
the locations of the peaks in the WAXD plots for the PLA/PHA blend films. The
materials exhibited immiscible characteristics in that distinct glass transitions were
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observed in the DSC thermograms, which were confirmed by SEM micrographs
indicating a porous structure in the film cross section for the blends.
The mechanical properties of the pure and blended films were examined to
determine the impact of blending PLA with PHA on the tensile properties. The tensile
strength and modulus decreased with increasing PHA concentration in the blends while
the elongation to break was improved versus the pure materials and reached a maximum
at a 10% PHA composition. The strength and modulus for the 10% blends were
comparable to the pure PLA, and therefore is the optimum composition to enhance the
toughness of the material. The modulus and tensile strength tended to decrease with
increasing 3HV content in the PHA copolymer due to an increased flexibility and
decreased crystallinity observed with increasing 3HV content. Through blending the PLA
with PHA, a wider range of mechanical properties could be attained versus the pure
polymers. The blends displayed a tensile strength similar to PET, polystyrene, and
polypropylene and a modulus comparable to polypropylene and HDPE.
Uniaxial stretching was performed on the pure PLA and blend films to improve
the mechanical properties. The most significant improvements were found by increasing
the stretch ratio, which resulted in an improvement in percent elongation and greater
modulus, strength, and crystallinity versus the unstretched samples. The 10% PHA blends
were found to produce films with the greatest values for the modulus, tensile strength,
and crystallinity at the various stretching conditions. The properties of the films produced
in this study were able to be manipulated by adjusting the composition of PHA in the
blends and varying the conditions at which the films were stretched. Therefore, PLA and
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PHA polymers and blends of these polymers can be tailored to meet the requirements for
a wide variety of applications.

199

CHAPTER 5
CONCLUSIONS AND FUTURE WORK

In this chapter, the conclusions from the results presented in the previous chapters
are presented. Following the conclusions, recommendations for future work in this
research area are discussed.

5.1 Conclusions
Most of the plastics used in our society are fossil fuel based polymers. Recently,
over the past two decades, more consideration has been given to the development of
sustainable polymers that are derived from natural or renewable resources. This research
has examined the processability and properties of two renewable resource polymers, PLA
and PHA, which are of commercial interest as alternatives to the conventional fossil fuel
based materials. PLA and PHA could potentially have a major impact on the plastics
industry particularly in the area of single-use products, which are currently and will
continue to be a huge part of everyday life in our society. The following sections
summarize the important findings of this research.

5.1.1 Rheological Properties
The shear and extensional rheological properties of the materials were
investigated prior to film processing to understand their flow behavior in the two flow
fields. For the pure materials, the PLA displayed a much greater shear viscosity than the
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PHA materials. The shear viscosity of the PHA copolymers increased with increasing HV
content due to increased elasticity for the 3-HV comonomer and greater molecular weight
with increasing HV content, from 70 Pa-s for the 5% HV to 500 Pa-s for the 12% HV at a
temperature of 175°C. The PLA also displayed a much greater extensional viscosity than
the PHA materials, and the extensional viscosity plateau increased with increasing HV
content in the PHA copolymer. For each of the different PHAs, the shear and extensional
viscosity of the blends decreased with increasing PHA concentration in the blend.
However, the extensional viscosity of the blends was notably larger than the pure PHA
polymer even at the highest concentration of 50% PHA. This suggests that by blending
the PHA with PLA the melt stability can significantly be improved and the sagging issue
of the sample during testing can be eliminated.
The degradation characteristics of the polymers were also examined by rheology
to determine the thermal degradation that would be expected at typical processing
conditions. The PHA materials underwent substantially more degradation during the
extrusion process than the PLA as determined by the large decrease in viscosity measured
after extrusion of the polymers. The time sweep tests showed that the PLA is
significantly more stable at elevated temperatures than the PHA polymers. In comparing
the PHA polymers, the thermal stability decreased with increasing HV content as
observed by the more rapid reduction in the reduced viscosity. In the degradation
rheology studies of the blends, the reduced viscosity versus time curves for the blends
lied between the curves of the pure polymers. Within the blends it is assumed that the
PLA and PHA degrade separately. However, the overall degradation of the blends is

201

skewed since the PLA in the blends is presumably masking the degradation of the PHA
due to the significantly greater viscosity of the PLA.
To examine the degradation kinetics of the materials, a first-order kinetics model
was used to relate the reduction in molecular weight or viscosity of the polymer over time
based on a random chain scissioning degradation mechanism. As expected, the
degradation rate for the PLA was significantly less than that for the PHA materials, and
the rate increased with increasing HV content indicating poorer melt stability for the HV
comonomer. The kinetics equation could not be applied to the blends since the
degradation is believed to occur separately for the PLA and PHA and not as a single rate
for the entire blend.
The Carreau and Giesekus models were used to predict the rheology of the pure
materials and captured the data well over the full range of frequencies investigated.
Modeling of the blend rheology for the shear, extensional, and degradation data was
performed using the Frankel-Acrivos (F-A) model. The F-A model incorporates blend
morphology and interactions at the interface between the materials, which improved the
accuracy of the predictions versus the empirical models that were attempted such as the
rule of mixtures, log-linear model, and Takayanagi model. The values of the interfacial
WHQVLRQ ı used in fitting the F-A model to the rheology data decreased with increasing
HV concentration in the copolymer. This trend indicates greater interfacial adhesion
EHWZHHQ WKH 3/$ DQG 3+$ IRU WKH  +9 EOHQGV 7KH YDOXHV RI ı increased with
increasing PHA concentration in the blend, which signifies less adhesion between the
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materials. This leads to de-bonding of the two phases in those regions due to a greater
particle size of the dispersed PHA particles at larger PHA concentrations.

5.1.2 Film Properties
Films were prepared using the DSM Xplore Microcompounder with the film
casting attachment. The thermal and mechanical properties as well as the crystallinity of
the films were characterized to determine the effects of blending the PLA with PHA on
the resultant properties. The low melt viscosity of the PHA materials at elevated
temperatures made it difficult to process them in their pure state because of their weak
melt elasticity and resulted in brittle films. The pure PLA films were found to be
amorphous, while the PHA and blend films were semi-crystalline. The crystallinity of the
films increased with increasing PHA concentration in the blends primarily due to PHA
crystal formation based on the locations of the peaks in the WAXD results. The blend
films exhibited an immiscible, porous morphology in SEM micrographs of the film crosssections, which was confirmed by the presence of the Tg for both homopolymers in the
DSC thermograms.
The mechanical properties of the films were comparable to conventional fossil
fuel-based polymers, including polypropylene, polystyrene, and PET. For the three PHA
materials, the modulus and tensile strength generally decreased with increasing 3HV
content due to increased flexibility and decreased crystallinity. A wider range of
mechanical properties was obtained by blending the PLA with PHA. The tensile strength
and modulus were found to decrease with increasing PHA concentration in the blends.
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The elongation to break for the blends displayed an improvement versus the pure
materials but reached a maximum at a 10% PHA composition. The 10% blends showed a
minimal drop in the strength and modulus versus the pure PLA and was determined to be
the optimum PHA concentration. The mechanical properties of the pure PLA and blend
films were improved using a uniaxial orientation process. Increasing the stretch ratio
produced the greatest property enhancements and resulted in improvements in the
elongation to break, modulus, strength, and crystallinity versus the unstretched samples.
This research has shown that PLA and PHA are promising materials for replacing
fossil fuel-based materials in some applications and can be blended with each other to
enhance the properties of the individual polymers. The properties of the blends can be
tailored for a particular application by manipulating the composition of PHA and varying
the conditions at which the films are processed and subsequently stretched.

5.2 Recommendations for Future Work
The following recommendations for future work are made with respect to other
materials that should be studied, different additives to include which could improve the
properties of the polymers, more experiments that should be performed, and further
research to investigate modeling the cast film process for PLA and PHA.
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5.2.1 Materials
1. Examine other available grades of PLA to determine the effects the different
grades have on the rheological characteristics and properties of the films since
only one grade of PLA was investigated in this work.
2. Examine other PHA copolymer materials to determine the effects on the
rheological characteristics and properties of the films such as 4-hydroxybutyrate,
3-hydroxyhexanoate, and 3-hydroxyoctanoate. PHAs with the same copolymer
composition but having various molecular weights as well as PHAs of different
copolymer composition with the same molecular weight should be investigated to
study the effects of molecular weight and copolymer structure independently on
the resultant properties.
3. Investigate other biodegradable polymers to blend with PLA to try to improve the
mechanical properties, such as bio-based starch plastics, cellulosic polymers, and
soy-based plastics, as well as petroleum-based polymers such as poly- caprolactone (PCL), polybutylene succinate (PBS), and aliphatic-aromatic
polyesters.

5.2.2 Additives
1. Explore various compatibilizers to determine if the homogeneity of the blends can
be improved since the PLA-PHA blends were found to be immiscible such as a
PLA/PHA block copolymer.
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2. Consider adding plasticizers such as functionalized vegetable oils and citrates to
determine if these can improve the properties of PLA and PHA and the blends.
Plasticizers significantly reduce the viscosity of a material so the amount of
plasticizer used should be kept to a minimum.
3. Study biocomposites of PLA and PHA with different bio-based filler materials
such as jute, kenaf, flax, sisal, bamboo, hemp, wood, and straw, which could be
competitive with synthetic composites like glass-polypropylene, glass-epoxies,
and carbon reinforced nanocomposites and expand the range of applications for
these polymers.

5.2.3 Further Experimentation
1. Explore other options for studying the molecular weight of the polymers such as
dynamic light scattering since the PHA was not soluble in typical solvents used
for GPC, including chloroform, tetrahydrofuran, and water.
2. Perform more rheological experiments on the pure PHA materials at varying
temperatures to be able to use TTS to expand the frequency range to higher and
lower frequencies.
3. Produce more ductile PHA films. Employ uniaxial orientation process to improve
the strength and modulus properties of the films.
4. Process the materials on a larger scale film casting unit to determine how this
influences the processability and properties of the films. This would produce
larger films which would enable further studies of the mechanical properties in
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the transverse direction of the film and also allow biaxial stretching to be
performed to investigate its effects on the film properties.
5. Study the degradation behavior of the films in various environments such as
activated sludge, composts, soil, and water. Experiments could include
monitoring the weight loss, crystallinity, and mechanical properties of the films
over time during the degradation trials.

5.2.4 Modeling
1. Conduct experiments to more accurately predict model parameters for the
Frankel-Acrivos model. Measure the interfacial tension and dispersed phase
particle size as a function of experimental variables. This would allow for the
shear rate and time dependence of these parameters to be taken into account in the
model.
2. Conduct experiments to model the film casting process using the DSM Xplore
Microcompounding system.
3. Expand the model for film casting in the FiSim package that the Center for
Advanced Engineering Fibers and Films has developed to include the polymers
used in this study (see Aniunoh, 2007 for a detailed description of the model). The
FiSim package is a modular structure and therefore the models used in this
research as well as degradation behavior of the materials would need to be added
into the FiSim software.
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APPENDICES
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Appendix A
Modeling of the Rheology for the 8 and 12% HV Blends
This appendix presents the rheology along with the modeling results for the 8 and
12% HV blends not shown in the main text. As observed for the 5% HV blends in
Section 3.3.2, the values for the interfacial tension (ı) used in the Frankel-Acrivos (F-A)
model increase with increasing PHA concentration in the blend due to the larger size of
the dispersed particles in the blends at higher PHA concentrations. Figure A.1 displays
the complex viscosity as a function of frequency at a temperature of 175°C for the 8 and
12% HV blends along with the corresponding predictions from the F-A model using
values for ı from Table 3.4.

(a)
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(b)
Figure A.1 Comparison of complex viscosity at 175°C for the (a) 8 and (b) 12% HV
blended materials along with the predictions by the Frankel-Acrivos model

Figure A.2 shows the extensional viscosity of the 8 and 12% HV blends at a
temperature of 165°C and strain rate of 1 s-1 along with the predictions from the F-A
model using values for ı from Table 3.5.

210

(a)
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(b)
Figure A.2 Comparison of extensional viscosity at 165°C and 1 s-1 for the (a) 8 and (b)
12% HV blended materials along with the predictions by the Frankel-Acrivos model

Figure A.3 presents the reduced viscosity of the 8 and 12% HV blends as a
function of time along with the predictions from the F-A model using values for ı from
Table 3.7 at a temperature of 175°C, frequency of 1 rad/s, and strain of 3%.

(a)
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(b)
Figure A.3 Comparison of reduced complex viscosity versus time at 175°C for the (a) 8
and (b) 12% HV blended materials along with the predictions by the Frankel-Acrivos
model at a frequency of 1 rad/s and strain of 3%

Figure A.4 presents the reduced viscosity of the 8 and 12% HV blends as a
function of time along with the predictions from the F-A model using values for ı from
Table 3.9.

213

(a)

(b)
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Figure A.4 Comparison of reduced complex viscosity versus time at 175°C for the (a) 8
and (b) 12% HV blended materials calculated from the Frankel-Acrivos model using
predicted viscosities for the pure PLA and PHA from the kinetics equation along with the
experimental reduced viscosity
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Appendix B
Effect of Stretch Rate on the Properties of the Uniaxially Stretched Films
In this appendix, the effects of varying the stretch rate on the tensile properties
and crystallinity for the uniaxially stretched PLA films are discussed. The average results
for the trials at the varying stretch rates of 3, 10, 50, and 100 mm/s are summarized in
Table B.1. The other conditions remained constant throughout the trials and included a
stretch ratio of 2:1, temperature of 60°C, and soak time of 3 minutes.

Table B.1 Comparison of properties for uniaxially stretched PLA films at varying rates
Stretch Rate

PLA

3 mm/s

% El on gation
43.18

Y ou ng's M odul us (GPa)
1.01

Tensile S tren gth (M Pa)
63.97

% Crystallin ity
38

10 mm/ s

39.86

0.94

71.46

30

50 mm/ s

47.70

1.15

74.22

50.4

100 mm/ s

41.91

1.09

72.36

40.3

The stretch rate was found to have minimal impact on the tensile properties and
variable effects on the crystallinity. Consequently, it was excluded from the discussion of
the effects of uniaxial stretching processing conditions in Section 4.4.1. Increasing the
stretch rate resulted in different crystallinities for the uniaxially oriented PLA films
depending on the rate. The films stretched at a rate of 3 mm/s displayed a higher
crystallinity than those at a rate of 10 mm/s. The crystallinity reached a maximum at a
stretch rate of 50 mm/s before decreasing again at a rate of 100 mm/s. Slow stretch rates
have been found to result in lower orientation and crystallinity due to a greater ability for
the polymer chains to relax during the stretching process (Mills, 1997). However, it has
been observed that lower deformation rates can result in increased crystallinity due to the
longer stretching times, which allows thermally assisted strain-induced crystallization to
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occur (Mulligan and Cakmak, 2005). At higher stretch rates the chain relaxation is
suppressed, and a greater degree of orientation can be achieved (Lee et al., 2001;
Mulligan and Cakmak, 2005). However, if the stretch rate is too high, the orientation can
occur so fast that the adjacent chains do not form into the crystalline lattice and a lower
crystallinity will be obtained (Mulligan and Cakmak, 2005). Therefore, the stretch rate of
3 mm/s was slow enough to cause thermally assisted strain-induced crystallization and
produce more orientation than the films stretched at a rate of 10 mm/s. The stretch rate of
50 mm/s enabled a greater crystallinity to be attained than the films stretched at a rate of
10 mm/s due to the reduced chain relaxation caused by the faster rate. Finally, the
crystallinity at rate of 100 mm/s was lower than that for the films stretched at a rate of 50
mm/s due to the inability of the polymer chains to completely arrange into crystals as a
result of too high of a rate.
The WAXD patterns for PLA films uniaxially oriented at a temperature of 60°C
and a soak time of 3 minutes at the different stretch rates ± 3, 10, 50, and 100 mm/s ± are
displayed in Figure B.1. The stretch rate does have an impact on the crystallinity of the
oriented films, but a definitive conclusion could not be drawn from the results. Therefore,
a stretch rate of 10 mm/s was used for the majority of the trials in this study in order to
determine the effects of the other stretching parameters.
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Figure B.1 Comparison of x-ray diffraction patterns for uniaxially oriented PLA films at
a stretch ratio of 2:1 at 60°C and soak time of 3 minutes at rates of 3, 10, 50, and 100
mm/s
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Appendix C
Summary of Properties for the Uniaxially Stretched Films
Table C.1 Properties for uniaxially stretched PLA, 8% HV and 12% HV blend films
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Table C.2 Comparison of trends observed for the properties of the uniaxially stretched
PLA, 8% HV and 12% HV blend films
Increase Stretch Ratio
8% HV

12% HV

Increase Temperature
8% HV

12% HV

Increase Soak Time
8% HV

јƚŚĞŶљ;ŵĂǆϯ͗ϭͿ

љ

љ

Modulus

ј

о

о

Strength

ј

љ

љ

Crystallinity

ј

љ

ј

Elongation

12% HV

PLA

Elongation

љ

јƚŚĞŶљ
(max 3:1)

љ

љ

љ

љ

Modulus

ј

ј

о

љ

о

о

Strength

ј

ј

ј

љ

ј

о

Crystallinity

ј

ј

љ

ј

ј

ј

Elongation

љ

љ

љ

љ

љ

љ

Modulus

ј

ј

ј

љ

о

о

Strength

ј

ј

љ

љ

љ

љ

Crystallinity

ј

ј

љ

ј

ј

ј

Elongation

љ

љ

љ

љ

љ

ј

Modulus

ј

ј

љ

о

љ

о

Strength

ј

ј

о

љ

о

ј

Crystallinity

ј

ј

љ

љ

љ

ј

Elongation

љ

јƚŚĞŶљ
(max 3:1)

љ

љ

о

ј

о

о

о

љ

о

о

ј

ј

10% PHA

20% PHA

30% PHA

Modulus

о

ј

Strength

ј

ј

Crystallinity

ј

ј

50% PHA

Samples
unable to be
stretched at
100°C due
to breaking
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